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684665 1 . 03 Jun 02; 25 Jan 05. Nucleotide sequence of the Haemophilus influenzae Rd genome, 
fragments thereof, and uses thereof. Fleischmann; Robert D., et al. 435/69.1; 435/252.3 435/320.1 
536/23.7. C12N015/63 C12N001/21 C12N015/31. 

□ 2. 6833267 . 27 Dec 99; 21 Dec 04. Tissue collection devices containing biosensors. Kayyem; Jon 
Faiz. 435/287.1; 422/68.1 435/6 435/7.1 435/91.1. C12M001/34 C12Q001/68 G01N033/53 
G01N015/06C12D019/34. 



□ 3. 6824783 . 07 Jun 95; 30 Nov 04. Methods for inhibition of membrane fusion-associated events, 
including fflV transmission. Bolognesi; Dani Paul, et al. 424/188.1; 424/208.1 435/5 530/360. 
A61K039/21. 

D 4. 6800744 . 30 Jun 98; 05 Oct 04. Nucleic acid and amino acid sequences relating to 
Streptococcus pneumoniae for diagnostics and therapeutics. Doucette-Stamm; Lynn A., et al. 536/23.1; 
435/320.1 435/325 435/419 435/6 536/23.4 536/24.1 536/24.32. C12Q001/68 C12N001/14 C12N015/00 
C12N005/00 C12N005/04 C07H021/02 C07H021/04. 




P 5. 6797466 . 20 Oct 00; 28 Sep 04. Complete genome sequence of the methanogenic archaeon, 
Methanococcusjannaschii. Bult; Carol J., etal. 435/6; 435/252.3 435/320.1 435/325 536/23.7 
536/24.32. C12Q001/68. 

□ 6. 6790950 . 15 Mar 01; 14 Sep 04. Anti -bacterial vaccine compositions. Lowery; David E., et al. 
536/23.7; 435/243 435/252.3 435/320.1 435/6 435/69.1 536/23.1. C07H021/00 C12N021/00 
C12N001/21 C12N015/31. 

□ 7. 6747137 . 12 Feb 99; 08 Jun 04. Nucleic acid sequences relating to Candida albicans for 
diagnostics and therapeutics. Weinstock; Keith G., et al. 536/23.1; 435/6 536/24.3 536/24.31 536/24.32 
536/24.33. C07H021/00 C12Q001/68. 



□ 8. 6737248 . 03 Jan 97; 18 May 04. Staphylococcus aureus polynucleotides and sequences. 
Kunsch; Charles A., etal. 435/69.1; 435/252.3 435/320.1 536/23.1 536/23.7. C12P021/02. 

□ 9. 6696561 . 23 Jun 00; 24 Feb 04. Cory neb acterium glutamicum genes encoding proteins involved 
in membrane synthesis and membrane transport. Pompejus; Markus, et al. 536/23.7; 530/350. 
C12N015/31 C07K014/195. 



□ 10. 6632636 . 16 Jun 00; 14 Oct 03. Nucleic acids encoding 3-ketoacyl-ACP reductase from 
Moraxella catarrahalis. Lagace; Robert E., etal. 435/69.1; 435/189 435/252.3 435/254.11 435/320.1 
435/325 435/440 435/70.1 435/71.1 536/23.2 536/24.32. C12P021/06 C12N015/00 C12N005/00 
C12N001/20 C07H021/04. 

□ 11. 6617156 . 13 Aug 98; 09 Sep 03. Nucleic acid and amino acid sequences relating to 
Enterococcus faecalis for diagnostics and therapeutics. Doucette-Stamm; Lynn A., et al. 435/320.1; 
435/252.3 435/6 435/69.1 536/23.7 536/24.32. C12N015/31 C12N015/63 C12N001/13 C12Q001/68. 

□ 12. 6593114 . 20 Oct 97; 15 Jul 03. Staphylococcus aureus polynucleotides and sequences. Kunsch; 
Charles A., et al. 435/91.41; 435/252.3 435/254.1 1 435/257.2 435/320.1 435/325 435/91.4 536/23.7. 
C12N015/64 C07H021/04. 

□ 13. 6583275 . 30 Jun 98; 24 Jun 03. Nucleic acid sequences and expression system relating to 
Enterococcus faecium for diagnostics and therapeutics. Doucette-Stamm; Lynn A., et al. 536/23. 1; 
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435/243 435/320.1 435/325 435/6 536/24.3 536/24.32. C07H021/00 C12Q001/68 C12N015/00 
C12N001/00C12N005/00. 

□ 14. 6562958 . 04 Jun 99; 13 May 03. Nucleic acid and amino acid sequences relating to 
Acinetobacter baumannii for diagnostics and therapeutics. Breton; Gary, et al. 536/23.7; 536/23.1. 
C07H021/02. 

□ 15. 6559294 . 23 Nov 98; 06 May 03. Chlamydia pneumoniae polynucleotides and uses thereof. 
Griffais; Remy, et al. 536/23.1; 435/320.1 435/69.1 435/70.1 536/24.1. C07H021/02 C07H021/04 
C12P021/06 C12P021/04 C12N015/00. 

□ 16. 6551795 . 18 Feb 99; 22 Apr 03. Nucleic acid and amino acid sequences relating to 
pseudomonas aeruginosa for diagnostics and therapeutics. Rubenfield; Marc J., et al. 435/69. 1; 
435/253.3 435/320.1 435/325 435/6 536/23.1 536/23.7. C12P021/06 C12N015/00 C07H021/04. 

□ 17. 6537773 . 19 Oct 95; 25 Mar 03. Nucleotide sequence of the mycoplasma genitalium genome, 
fragments thereof, and uses thereof. Fraser; Claire M., et al. 435/69.1; 435/252.3 435/320.1 536/23.7 
536/24.32. C12Q001/68. 

fj 18. 6528289 . 23 Aug 00; 04 Mar 03. Nucleotide sequence of the Haemophilus influenzae Rd 
genome, fragments thereof, and uses thereof. Fleischmann; Robert D., et al. 435/91.41; 435/252.3 
435/320.1 435/6 536/23.1 536/23.7. C12N015/64. 



□ 19. 6518013 . 07 Jun 95; 1 1 Feb 03. Methods for the inhibition of epstein-barr virus transmission 
employing anti-viral peptides capable of abrogating viral fusion and transmission. Barney; Shawn O'Lin, 
et al. 435/5; 424/230.1 530/300 530/324 530/325 530/326. C12Q001/70. 

□ 20. 6506581 . 25 Apr 00; 14 Jan 03. Nucleotide sequence of the Haemophilus influenzae Rd 
genome, fragments thereof, and uses thereof. Fleischmann; Robert D., et al. 435/69.1; 435/252.3 
435/320.1 435/69.3 435/91.41 536/23.7. C12N001/21 C12N015/31 C12N015/63. 

□ 21 . 6503729 . 22 Aug 97; 07 Jan 03. Selected polynucleotide and polypeptide sequences of the 
methanogenic archaeon, methanococcusjannashii. Bult; Carol J., et al. 435/69.1; 435/252.3 435/320.1 
435/325 536/23.1 536/23.5. C12P021/06. 

□ 22. 6479055 . 06 Jun 95; 12 Nov 02. Methods for inhibition of membrane fusion-associated events, 
including respiratory syncytial virus transmission. Bolognesi; Dani Paul, et al. 424/2 11.1; 424/1 86. 1 
530/324. A61K039/145. 



O 23. 6355450 . 07 Jun 95; 12 Mar 02. Computer readable genomic sequence of Haemophilus 
influenzae Rd, fragments thereof, and uses thereof. Fleischmann; Robert D., et al. 435/69.1; 435/252.3 
435/320.1 435/851 536/23.1 536/23.7 536/24.32 536/24.33. C12P021/06 C12N001/20 C12N015/00 
C07H021/04. 

□ 24. 6348582 . 23 Sep 97; 19 Feb 02. Prokaryotic polynucleotides polypeptides and their uses. 
Black; Michael Terence, etal. 536/23.1; 424/185.1 435/252.3 435/320.1 435/69.1 530/350 536/22.1. 
C07H021/00 C07H021/02 C12P021/06 A61K038/00. 

□ 25. 6348328 . 14 May 97; 19 Feb 02. Compounds. Black; Michael Terence, et al. 435/69. 1; 
435/252.3 435/320.1 536/23.1 536/23.7. C12P021/02. 
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□ 26. 6239264 . 24 Dec 97; 29 May 01 . Genomic DNA sequences of ashbya gossypii and uses 
thereof. Philippsen; Peter, etal. 536/23.1; 435/320.1 536/24.3 536/24.32. C07H021/04 C12N015/11 
CI 2N0 15/63. 

□ 27. 6228983 . 07 Jun 95; 08 May 01 . Human respiratory syncytial virus peptides with antifusogenic 
and antiviral activities. Barney; Shawn O'Lin, et al. 530/300; 424/186.1 424/211.1 530/324 530/325 
530/326. A61K038/00. 

□ 28. 6093794 . 07 Jun 95; 25 Jul 00. Isolated peptides derived from the Epstein-Barr virus 
containing fusion inhibitory domains. Barney; Shawn O'Lin, et al. 530/300; 424/186.1 424/230.1 
530/324 530/325 530/326 530/350. A61K038/00 A61K039/12 A61K039/245. 

n 29. 6068973 . 07 Jun 95; 30 May 00. Methods for inhibition of membrane fusion-associated events, 
including influenza virus. Barney; Shawn O'Lin, etal. 435/5; 424/147.1 424/206.1 424/230.1 530/324 
530/389.4. C12Q001/70 A61K038/00 A61K039/42 C07K016/00. 



D 30. 6060065 . 07 Jun 95; 09 May 00. Compositions for inhibition of membrane fusion-associated 
events, including influenza virus transmission. Barney; Shawn O'Lin, et al. 424/209.1; 424/186.1 
424/192.1 424/206.1 530/300 530/324 530/325 530/326 530/327 530/328 530/329 530/330. 
A61K039/145 A61K039/12 A61K039/00 A61K038/00. 



□ 31. 6054265 . 26 Sep 97; 25 Apr 00. Screening assays for compounds that inhibit membrane 
fusion-associated events. Barney; Shawn O'Lin, et al. 435/5; 435/7.2. C12Q001/70. 



O 32. 6017536 . 20 Dec 94; 25 Jan 00. Simian immunodeficiency virus peptides with antifusogenic 
and antiviral activities. Barney; Shawn O'Lin, et al. 424/188.1; 424/208.1 530/300 530/324 530/325 
530/326. A61K039/21. 

O 33. 6013263 . 07 Jun 95; 1 1 Jan 00. Measles virus peptides with antifusogenic and antiviral 
activities. Barney; Shawn O'Lin, et al. 424/212.1; 424/184.1 424/186.1 530/300 530/324 530/325 
530/326. A61K039/165. 

O 34. 5994066 . 04 Nov 96; 30 Nov 99. Species-specific and universal DNA probes and amplification 
primers to rapidly detect and identify common bacterial pathogens and associated antibiotic resistance 
genes from clinical specimens for routine diagnosis in microbiology laboratories. Bergeron; Michel G., 
et al. 435/6; 435/91.2 536/22.1. C12Q001/68 C12P019/34 C07H021/02. 
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L10: Entry 18 of 36 



File: USPT 



Mar 5, 2002 



DOCUMENT- IDENTIFIER : US 6352839 Bl 

** See image for Certificate of Correction ** 

TITLE: Streptogramins for preparing same by mutasynthesis 



CLAIMS : 



1. A process for preparing a streptogramin analog, comprising the steps of 

selecting a streptogramin-producing microorganism strain which possesses at least 
one genetic modification which prevents the synthesis of an active enzyme encoded 
by at least one nucleic acid sequence consisting of a single gene comprising a 
sequence selected from SEQ ID NO. 14, SEQ ID NO. 16, SEQ ID No. 2, SEQ ID No. 4, 
SEQ ID No. 7, SEQ ID No. 9, and SEQ ID No. 12, genes isolated from S. 
pristinaespiralis which correspond to the papA, papM, papC, papB, pipA, snbF, and 
hpaA genes and encode a polypeptide with the enzymatic activity of the papA, papM, 
papC, papB, pipA, snbF, and hpaA polypeptides, and genes which code for 
polypeptides encoded by the papA, papM, papC, papB, pipA, snbF, and hpaA genes and 
differ from those genes on account of the degeneracy of the genetic code; 

growing said streptogramin-producing microorganism on a culture medium which is 
appropriate for said microorganism and which is supplemented with at least one 
precursor analog; and 

recovering said streptogramin analog from said culture medium. 

2. The process according to claim 1, wherein at least one of the nucleic acid 
sequence selected from the papA (SEQ ID No. 14), papM (SEQ ID No. 16) , papC, (SEQ 
ID NO: 2), papB (SEQ ID NO: 4), pipA (SEQ ID NO: 7), snbF (SEQ ID NO: 9) and hpaA 
(SEQ ID NO: 12) genes. 

3. The process according to one of claims 1 or 2, wherein the genetic modification 
prevents the synthesis of an active enzyme encoded by at least one nucleic acid 
esquence selected from the papA (SEQ ID No. 14), papM (SEQ ID No. 16), papC (SEQ ID 
No. 2), papB (SEQ ID No. 4), pipA (SEQ ID No. 7), snbF (SEQ ID No. 9), and hpaA 
(SEQ ID No. 12) . 

4. The process according to claim 3, wherein the genetic modification consists of a 
disruption of one gene selected from the papA (SEQ ID No. 14), papM (SEQ ID No. 
16), papC (SEQ ID No. 2), papB (SEQ ID No. 4), pipA (SEQ ID No. 7), snbF (SEQ ID 
No. 9), and hpaA (SEQ ID No. 12). 

9. An isolated nucleic acid sequence, consisting of a single gene or a portion of a 
single gene comprising a sequence selected from among: 

(a) SEQ ID No. 2, SEQ ID No. 4, SEQ ID No. 7, SEQ ID No. 9, and SEQ ID No. 12, 

(b) genes isolated from S. pristinaespiralis which correspond to papC , papB, pipA, 
snbF, and hpaA and encode polypeptides with the enzymatic activity of papC, papB, 
pipA, snbF, and hpaA polypeptides, and 



http://westbrs:9000/bin/gat 5/11/05 



Record Display Form 



Page 2 of 2 



(c) sequences which code for polypeptides encoded by the nucleic acid sequences of 
(a) and (b) and differ from (a) and (b) sequences on account of the degeneracy of 
the genetic code. 

10. An isolated nucleic acid sequence according to claim 9, which is selected from 
the papC (SEQ ID No. 2), papB {SEQ ID No. 4), pipA (SEQ ID No. 7), snbF (SEQ ID No. 
9) and hpaA (SEQ ID No. 12 (genes. 

11. Recombinant DNA consisting of a single gene comprising a nucleic acid sequence 
selected among papC (SEQ ID NO. 2), papB (SEQ ID NO. 4), pipA (SEQ ID NO. 7), snbF 
(SEQ ID No. 9), and hpaA (SEQ ID No. 12). 

16. A mutant S. pristinaespiralis strain comprising at least one genetic 
modification in at least one of its papC (SEQ ID No. 2), papB (SEQ ID No. 4), pipA 
(SEQ ID No. 7), snbF (SEQ ID No. 9) and hpaA (SEQ ID No. 12) genes, wherein said 
genetic modification prevents synthesis of an active enzyme encoded by said genes. 
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Arch Microbiol. 1987 Sep;148(3):187-92. Related Articles, Links 

Evolutionary relationship between Enterobacteriaceae: comparison of the ATP 
synthases (FIFO) of Escherichia coli and Klebsiella pneumoniae. 

Kauffer S, Schmid R, Stefifens K, Deckers-Hebestreit G, Altendorf K. 

Arbeitsgruppe Mikrobiologie, Universitat Osnabruck, Federal Republic of Germany. 

The ATP synthase complex of Klebsiella pneumoniae (KF1F0) has been purified and 
characterized. SDS-gel electrophoresis of the purified FIFO complexes revealed an identical 
subunit pattern for E. coli (EF1F0) and K. pneumoniae. Antibodies raised against EF1 complex 
and purified EFO subunits recognized the corresponding polypeptides of EF1F0 and KF1F0 in 
immunoblot analysis. Protease digestion of the individual subunits generated an identical cleavage 
pattern for subunits alpha, beta, gamma, epsilon, a, and c of both enzymes. Only for subunit delta 
different cleavage products were obtained. The isolated subunit c of both organisms showed only 
a slight deviation in the amino acid composition. These data suggest that extensive homologies 
exist in primary and secondary structure of both ATP synthase complexes reflecting a close 
phylogenetic relationship between the two enterobacteric tribes. 

PMID: 2890332 [PubMed - indexed for MEDLINE] 
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J Bioenerg Biomembr. 1996 Feb;28(l):49-57. Related Articles, Links 

A role for the disulfide bond spacer region of the Chlamydomonas reinhardtii 
coupling factor 1 gamma-subunit in redox regulation of ATP synthase. 

Ross SA, Zhang MX, Selman BR. 

Department of Biochemistry, College of Agricultural and Life Sciences, University of Wisconsin- 
Madison 53706, USA. 

The gamma-subunit of chloroplast coupling factor 1 contains a disulfide bond which is involved 
in the redox regulation of the enzyme. In all the sequence plant gamma-subunits this disulfide 
bond is separated by a five amino acid spacer region. To investigate the regulatory significance of 
this region genetic transformation experiments were performed with Chlamydomonas reinhardtii. 
C. reinhardtii strain atpCl (nitl-305, cw 15, mt-), which does not accumulate the CF1 gamma- 
subunit polypeptide, was independently transformed with two constructs, each bearing mutations 
• within the disulfide bond spacer region between Cysl98 and Cys204 of the gamma-subunit. 
Successful complementation was confirmed by phenotypic selection, Northern blot analysis, and 
reverse transcription polymerase chain reaction. Whereas wild-type thylakoid membrane particles 
catalyze in vitro, PMS-dependent photophosphorylation that is stimulated 2-fold by the addition 
of DTT, similar particles from each of the mutant strains exhibit rates of ATP synthesis that are 
independent of DTT. Consistent with these results, wild-type CF1 ATPase activity is stimulated 
by DTT which is in contrast to the ATPase activities of both the mutant strains which are 
independent of DTT addition. These results suggest a role of the gamma-subunit disulfide bond 
spacer region in the redox regulation of chloroplast ATP synthase. 

PMID: 8786238 [PubMed - indexed for MEDLINE] 
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File: USPT 



Sep 14, 2004 



DOCUMENT-IDENTIFIER: US 6790950 B2 

TITLE: Anti-bacterial vaccine compositions 

Brief Summary Text (4) : 

The family Pasteurellaceae encompasses several significant pathogens that infect a 
wide variety of animals. In addition to P. multocida, prominent members of the 
family include Pasteurella (Mannheimia) haemolytica, Actinobacillus 

pleuropneumoniae and Haemophilus somnus. P. multocida is a gram-negative, nonmotile 
coccobacillus which is found in the normal flora of many wild and domestic animals 
and is known to cause disease in numerous animal species worldwide [Biberstein, In 
M. Kilian, W. Frederickson, and E. L. Biberstein (ed. ) , Haemophilus, Pasteurella, 
and Actinobacillus. Academic Press, London, p. 61-73 (1981)]. The disease 
manifestations following infection include septicemias, bronchopneumonias, 
rhinitis, and wound infections [Reviewed in Shewen, et al . , In C. L. Gyles and C. 
O. Thoen (ed. ) , Pathogenesis of Bacterial Infections in Animals. Iowa State 
University Press, Ames, p. 216-225 (1993), incorporated herein by reference]. 

Detailed Description Text (131) : 

Transport of scarce compounds necessary for growth and survival are critical in 
vivo. ExbB is a part of the TonB transport complex [Hantke, and Zimmerman, 
Microbiology Letters. 49:31-35 (1981)], interacting with TonB in at least two 
distinct ways [Karlsson, et al., Mol Microbiol. 8:389-96 (1993), Karlsson, et al . , 
Mol Microbiol. 8:379-88 (1993)]. Iron acquisition is essential for pathogens. In 
this work, attenuated exbB mutants in both APP and P. multocida have been 
identified. Several TonB-dependent iron receptors have been identified in other 
bacteria [Biswas, et al., Mol. Microbiol. 24:169-179 (1997), Braun, FEMS Microbiol 
Rev. 16:295-307 (1995), Elkins, et al . , Infect Immun. 66:151-160 (1998), Occhino, 
et al., Mol Microbiol. 29:1493-507 ( 1998 ) , Sto j il j kovic and Srinivasan, J Bacterid. 
179:805-12 (1997)]. A. pleuropneumoniae produces 2 transf errin-binding proteins, 
which likely depend on the ExbB/ExbD/TonB system, for acquisition of iron. PotD is 
a periplasmic binding protein that is required for spennidine (a polyamine) 
transport [Kashiwagi, et al . , J Biol Chem. 268:19358-63 (1993)]. Another member of 
the Pasteurellaceae family, Pasteurella haemolytica, contains a honiologue of potD 
(Lpp38) that is a major immunogen in convalescent or outer membrane protein 
vaccinated calves [Pandher and Murphy, Vet Microbiol. 51:331-41 (1996)]. In P. 
haemolytica, PotD appeared to be associated with both the inner and outer 
membranes. The role of PotD in virulence or in relationship to protective 
antibodies is unknown although previous work has shown porD mutants of 
Streptococcus pneumoniae to be attenuated [Polissi, et al., Infect. Immun. 66:5620- 
9 (1998) ] . 
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THE Journal of Biological Chemistry 

O 1396 by The American Society for Biochemistry and Molecular Biology, Inc. 



Vol 271, No. 45, Issue of November S, pp. 2834 1-26347, 1996 

Printed in U.SA 



The Stalk Region of the Escherichia coli ATP Synthase 

TYROSINE 205 OF THE y SUBUNIT IS IN THE INTERFACE BETWEEN THE F 1 AND F 0 PARTS AND CAN 
INTERACT WITH BOTH THE e AND c OLIGOMER* 

(Received for publication, May 25, 1996, and in revised form, August 6, 1996) 

Spencer D. Watts, Chunlin Tang, and Roderick A. Capaldit 

From the Institute of Molecular Biology, University of Oregon, Eugene, Oregon 97403-1229 



The soluble portion of the Escherichia coli FjFq ATP 
synthase (ECF^ andE. coli F 1 F 0 ATP synthase (ECFjFo) 
have been isolated from a novel mutant yY205C. ECFj 
isolated from this mutant had an ATPase activity 3.5- 
fold higher than that of wild- type enzyme and could be 
activated further by maleimide modification of the in- 
troduced cysteine. This effect was not seen in ECF^q. 
The mutation partly disrupts the F t to F 0 interaction, as 
indicated by a reduced efficiency of proton pumping. 
EOF! containing the mutation yY205C was bound to the 
membrane-bound portion of the E. coli F 1 F 0 ATP syn- 
thase (ECF 0 ) isolated from mutants cA39C, cQ42C, 
cP43C, and cD44C to reconstitute hybrid enzymes. Cu 2+ 
treatment or reaction with 5,5 '-dithio-b is (2 -nitro -ben- 
zoic acid) induced disulfide bond formation between the 
Cys at y position 205 and a Cys residue at positions 42, 
43, or 44 in the c subunit but not at position 39. Using 
Cu 2+ treatment, this covalent cross-linking was ob- 
tained in yields as high as 95% in the hybrid ECF r 
yY205C/cQ42C and in ECFjF,, isolated from the double 
mutant of the same composition. The covalent linkage of 
the y to a c subunit had little effect on ATPase activity. 
However, ATP hydrolysis-linked proton translocation 
was lost, by modification of both y Cys-205 and c Cys-42 
by bulky reagents such as 5,5'-dithio-bis (2-nitro-benzoic 
acid) or benzophenone-4-maleimide. In both ECF 1 and 
ECF,F 0 containing a Cys at y 205 and a Cys in the 6 
subunit (at position 38 or 43), cross-linking of the y to 
the e subunit was induced in high yield by Cu 2+ . No 
cross-linking was observed in hybrid enzymes in which 
the Cys was at position 10, 65, or 108 of the e subunit. 
Cross-linking of y to e had only a minimal effect on ATP 
hydrolysis. The reactivity of the Cys at y 205 showed a 
nucleotide dependence of reactivity to maleimides in 
both ECFi and ECFjFo, which was lost in ECFi when the 
e subunit was removed. Our results show that there is 
close interaction of the y and e sub units for the full- 
length of the stalk region in ECF^. We argue that this 
interaction controls the coupling between nucleotide 
binding sites and the proton channel in ECF,F 0 . 



F X F 0 type ATP synthases play a key role in oxidative phos- 
phorylation and photophosphorylation. The F x , which can be 
detached from the F 0 and studied separately, is a complex of 
five different types of subunits called a, /3, y, 5, and e that are 
present in the molar ratio 3:3:1:1:1. The F 0 part in the Esche- 



* This work was supported by National Institutes of Health Grant HL 
24526. The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby 
marked "advertisement? in accordance with 18 U.S.C. Section 1734 
solely to indicate this fact 

tTo whom correspondence should be addressed. Tel.: 541-346-5881; 
Fax: 541-346-4854. 



richia coli enzyme is composed of three different subunits: a, b, 
and c in the molar ratio 1:2:10-12 (1-4). Electron microscopy 
first showed that the a and )3 subunits are arranged hexago- 
nally and alternate around a central cavity in which the y 
subunit is located (5-7). Biochemical studies place the e sub- 
unit (nomenclature for the E. coli enzyme) at the bottom of the 
a 3 j3 3 y core complex (4, 8) in the stalk region, which is a 
40-45-A-long structure that links the F! to the F 0 part (9, 10). 

The recently published high resolution structure of a major 
part of the beef heart F x molecule confirms the above-described 
arrangement of the a, /3, and y subunits and adds important 
details (11). In particular, it shows the y subunit arranged with 
a long C-terminal a-helix extending from the top of the a and 0 
subunits into the stalk region. A shorter N-terminal a-helix is 
also present, running from the catalytic site region into the 
stalk region. These two a helices form a coiled coil. A third 
short a-helix of the y subunit (residues 83-99 in the E. coli 
sequence) is inclined at about 45 ° to the two larger helices at 
the bottom of the F x as it becomes the stalk. Approximately half 
of the y subunit is unresolved in the structure, presumably 
because it is disordered in the crystal form. 

Recently, we observed cross-linking between a Cys intro- 
duced at position 44 of the polar loop of the c subunits and a site 
or sites on the y subunit in the region between residues 202 and 
230 (12). This result implies that the y subunit extends the full 
length of the stalk to interact with the F 0 part in the intact ATP 
synthase. Tentatively, we concluded that this cross-linking in- 
volved a Cys to Tyr covalent bond (12). There are four Tyr 
residues in the y subunit between residues 202 and 230, i.e. 
Tyr-205, Tyr-207, Tyr-222, and Tyr-228. 

The other subunit known to extend from the a 3 j3 3 domain to 
the F 0 subunits is the e subunit. We have previously obtained 
a structure for the e subunit by NMR (13), which shows this 
stalk-forming subunit arranged as two domains, a 10-stranded 
/3-sandwich structure formed by the N-terminal 85 residues 
and an a-helix -loop-a-helix structure of the C-terminal approx- 
imately 50 residues. In ECFjFq, the C-terminal domain inter- 
acts with the a and 0 subunits (8, 14-16). The N-terminal 
domain is positioned below this, attached to the first of the two 
a helices of the C-terminal domain at its top (13) and to the c 
subunits of the F 0 part via the bottom of the 0 sandwich in an 
interaction that involves residues Glu-31 (17, 18) and possibly 
His-38 (19). Our recent cross-linking and protease protection 
studies have established that one face of the 0-sheet sandwich 
of the e subunit interacts with the y subunit (16). In one set of 
experiments, cross-linking was obtained from Cys- 10 of e to a 
region of the y subunit around residue 228. There was also 
cross-linking from a Cys placed at either residue position 38 or 
43 of e to a region of the y subunit between residues 202 and 
approximately 230. This is the same region of y that was 
identified in preliminary experiments as involved in binding to 
the c subunits ( 12). 
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To explore the interactions of the region of the y subunit 
between residues 202 and 230 in more detail, we have now 
converted 7 Tyr-202 to a Cys. This introduced Cys is shown to 
cross-link by disulfide bond formation with Cys residues in 
both the e subunit and in the polar loop of the c subunits. 
Functional consequences of such cross-links are described. 

EXPERIMENTAL PROCEDURES 

Strains and Plasmid Construction — The Ml3mpl8 template used 
consisted of a 1.4-kilobase uncG- containing Smal-EcoRl fragment as 
described by Aggeler and Capaldi (20). The oligonucleotide used for the 
mutagenesis was ATAAATCCTGGGATTGCCTCTACGAACCCGATC 
where the first underlined G changes a TAC codon (Tyr) to TGC (Cys), 
creating the 7Y205C mutation, and the CTC codon replaces CTG, re- 
taining Leu at position y206. A Asa I site is eliminated at position 8393 
of the unc operon (numbering according to Walker et al. (21)), which is 
diagnostic of the presence of the mutation. The mutant phage was 
identified by Rsa\ digestion and transferred into pRAlOO (14). The final 
plasmid containing the mutation yY205C was called pCTlOO. Mutants 
cA39C, cQ42C } cP43C, and cD44C were obtained from Dr. Robert Fill- 
ingame and are described elsewhere (18). For construction of the double 
mutants -vY205C/cA39C and ?Y205C/cQ42C, plasmids pYZ203 and 
pYZ217 were isolated from the strains expressing mutants cA39C and 
cQ42C, respectively. The 5.8-kilobase pair XhoUNsil fragment of plas- 
mid pCTlOO containing the uncG gene with the yY205C mutation was 
used to replace the corresponding region of plasmids pYZ203 and 
pYZ217. These new plasmids are called pSWlOl and pSWl02. Strain 
AN888 (uncB + Mu::416, argH, entA, nalA, recA) (14) was transformed 
with plasmids pCTlOO, pSWlOl, pSWl02, andpYZ217 for expression of 
mutant enzyme, c subunit mutants were obtained, and the e subunit 
was isolated as described elsewhere (13, 14, 16). 

Labeling ECF t and ECF 2 F 0 ATPases with Maleimides — ECF^ and 
ECF 1 F 0 were isolated from various mutants and from AN1460 as a 
control for biochemical studies, as described in Wise et al. (22) and 
Aggeler et al. (23), respectively. For reaction of ECF t with maleimides, 
enzyme was passed through two consecutive centrifuge columns (Seph- 
adex G-50, fine, 0.5 x 6 cm equilibrated with 50 mM MOPS, pH 7.0, 0.5 
mM EDTA, 10% glycerol). ECF^ was then labeled at a concentration of 
1.0-2.0 mg/ml with 200 aim CM (20 mM stock solution in dimethyl 
sulfoxide), 200 aam TFPAM-3 (20 mM stock solution in dimethyl sulfox- 
ide) or 25 jam [ 14 C]NEM (2.5 mM stock solution in dimethyl sulfoxide) at 
room temperature. In each experiment, one sample of enzyme was 
incubated in Mg 2 * (5.5 mM) + ATP (5 mM) for 30 min to convert the ATP 
to ADP+Pi- Mg 2 ^ (5.5 mM) + AMP-PNP (5 mM) was added to a second 
sample. Aliquots were removed for analysis at the times indicated. 
Excess CM or TFPAM-3 was quenched with 20 mM cysteine. The reac- 
tion with [ l4 C]NEM was stopped by addition of 10 mM nonradioactive 
NEM. 

ECFjFq was reconstituted in vesicles of egg lecithin by mixing deter- 
gent-dissolved ECFiFo with egg lecithin solution in a ratio of 1:2 (w/w 
ECFiFoilecithin) and passing the mixture through a 1.0 x 26-cm Seph- 
adex G-50 (medium) column equilibrated with a buffer containing 50 
mM MOPS, pH 7.5, 5 mM MgS0 4 and 10% glycerol. The ECF^ ATPase 
(0.5-0.7 mg/ml) was labeled with NEM, TFPAM-3, or CM as for ECF t 
(above) but using 10 mM DTT to quench excess maleimide. The time 
course of labeling of ECF^q with CM was conducted by first incubating 
the enzyme with 2 mM ATP or 2 mM AMP-PNP in column buffer at room 
temperature for 30 min and subsequent addition of 25 jam CM. At 
various time points, 10 mM DTT was added to the corresponding ali- 
quots to stop the reaction. 

Hybrid and Double Mutant F 2 F 0 Preparation — ECF 0 from wild- type 
and c subunit mutant strains was prepared by KSCN extraction of 
purified ECFjFq reconstituted into vesicles of egg lecithin as described 
previously (19). These ECF 0 -containing membranes were centrifuged at 
150,000 x g for 30 min at 4 °C in a Beckman TLA100.2 rotor and 
resuspended at 1 mg/ml in Buffer A (50 mM MOPS, pH 7.0, 10% 



1 The abbreviations used are: ECFj, soluble portion of the E. coli FjFq 
ATP synthase; ECF 0 , membrane-bound portion of the E. coli F t F 0 ATP 
synthase; ECF^, E. coli F^q ATP synthase; ACMA, 9-amino-6-chloro- 
2-methoxy acridine; DTNB, 5,5'-dithio-bis(2-nitro-benzoic acid); DTT, 
dithiothreitol; MOPS, 3(/V-morpholino) propanesulfonic acid; AMP- 
PNP, 5'-adenylyl-0,^imidodiphosphate; PAGE, polyacrylamide gel 
electrophoresis; NEM, JV-ethylmaleimide; mAb, monoclonal antibody; 
BM, benzophenone maleimide; TFPAM-3 tetrafluorophenylazide 
maleimide- 3. 



glycerol, 2 mM MgCl 2 ) with 1 mM DTT and 5 mM ATP. ECFj from the 
mutant yY205C (1 mg/ml) was added, and samples were incubated for 
10 h at 22 °C. Excess unbound ECFj and reducing agent were removed 
by washing the membranes twice by centrifugation at 150,000 X g for 
30 min at 4°C. Samples were resuspended in Buffer A to a final 
concentration of 1 mgfanl with or without DTT depending on the exper- 
iment to be performed. 

ECF t F 0 containing a Cys at y 205 and one of the e subunit mutations 
reconstituted as above was pelleted and resuspended in a buffer con- 
taining 10 mM Hepes, pH 7.5, 100 mM KC1, 5 mM MgCl 2 , and 10% 
glycerol (Buffer B). 

CuSOJ 1,10'Phenanthroline and DTNB-induced Cross-linking— Hy- 
brid enzyme complexes, along with ECF^,, isolated from double mu- 
tants, that contained the subunit c mutations were suspended at 1 
mg/ml in Buffer A and then reacted with CuSO^l.lO-phenanthroline 
(30 aim) for 1 h at 22 °C. Hybrid forms of ECF! were cross-linked by 
incubating ECF/ (ECF a from which both the 6 and € have been re- 
moved) (16) from the mutant yY205C with a 10-fold excess of pure e 
subunit in 50 mM MOPS, pH 7.0, 5 mM MgCl a , 10% glycerol, before 
adding CuCl 2 to a final concentration of 200 aim. Hybrid ECF^q com- 
plexes containing c subunit mutations were suspended at 1 mg/ml in 
the Buffer B and reacted with 200 aim CuCLj. The reaction was 
quenched in each case by the addition of 10 mM EDTA. The reaction 
mixtures were assayed immediately for ATPase activity or frozen at 
-20 °C for subsequent SDS-polyacrylamide gel electrophoresis (PAGE). 
DTNB cross-linking was carried out by incubating ECF X F 0 at 1 mg/ml 
in Buffer A with 200 aim DTNB for 1 h at 22 °C. The DTNB-treated 
samples were divided into two aliquots, and 20 mM DTT was added to 
one, before incubating both for 30 min at 22 °C. Samples were then 
assayed for ATPase activity and ACM A fluorescence quenching and 
subjected to SDS-PAGE. 

ECF 1 F 0 was reacted with 200 aim BM following the same procedure 
used for DTNB. The reaction was stopped after 1 h by a 30-min incu- 
bation with 20 mM DTT at room temperature. 

AC MA Fluorescence Quenching — Assays of ACM A fluorescence 
quenching were performed essentially as described in Aggeler et al. 
(19). ECF 1 F 0 was reconstituted into egg lecithin vesicles as described 
before (12), except that 0,75% sodium deoxycholate was used in the 
column buffer, and 2 mg/ml of egg lecithin was used in the reconstitu- 
tion step. These vesicles were collected by centrifugation and resus- 
pended to a protein concentration of 20 Atg/ml in 10 mM Hepes, pH 7.5, 
100 mM KC1 and 2 mM MgC^, and then valinomycin (3.6 aim), ACM A 
(1 aim), ATP (1 mM), and nigericin (3.6, aam) were added sequentially. 
ACM A fluorescence was measured at 480 nm with an excitation wave- 
length of 410 nm in an SLM8000 fluorometer. 

Other Methods — Samples for SDS-PAGE were supplemented with 20 
mM NEM and incubated for 30 min at 22 °C prior to addition of one-half 
volume of dissociation buffer (10% SDS, 100 mM Tris, pH 6.8, 30% 
glycerol, and 0.03% bromphenol blue) with or without reducing agent as 
indicated. Subunits were separated by electrophoresis on 10-22% poly- 
acrylamide gradient gels (24). Protein bands on SDS-PAGE were visu- 
alized by staining with Coomassie Brilliant Blue R according to Downer 
et al. (25). Proteins were transferred from the gel to polyvinylidene 
difluoride (Millipore Corp.) as described previously (12). The mouse 
monoclonal antibody to y, anti-Tm, was characterized previously (26). 
The rabbit antiserum to subunit c was described by Girvin et al (27). 
Immunodetection was by the alkaline phosphatase method. ATPase 
activities were performed according to Lotscher et al (28). 500 aim 
dicyclohexylcarbodiimide was used in inhibitor studies because of the 
large excess of phospholipid. Protein concentrations were determined 
by the BCA protein assay from Pierce. Quantitation of [ 14 C)NEM 
incorporated into y Cys-205 was carried out as described previously 
(e.g. Ref. 15). 

RESULTS 

Characterization ofECF 1 and ECFjF 0 Isolated from the Mu- 
tant yY205C—ECF l isolated from the mutant yY205C con- 
tained a, 0, 7, 6, and e subunits in the same relative amounts as 
wild-type strain, whereas ECFjFq isolated from the mutant 
had the same subunit composition as wild type based on SDS- 
polyacrylamide gel electrophoresis (see later). 

The ATPase activity of ECF! isolated from the mutant 
yY205C was around 3.5-fold higher than for wild-type enzyme 
(Table I). This is due to an altered binding of the inhibitory c 
subunit, as demonstrated by the concentration dependence of 
the inhibition of ECF!* (16) by purified c subunit. ECFj* from 
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Table I 

ATPase activity ofECF l or ECF& 

Numbers are averages of duplicate measurements unless the number of measurements is shown in the parenthesis. DCCD, dicyclohexylcar- 
bodiimide. ND, not determined. 



ECFj 


Y Y205C 


YY205C + CM 


7Y205C + TFPAM-3 


yY205C-e 


Wild-type 


Activity 


36 (5) 


68 


65 


69 (6) 


10(5) 


ECF t F 0 


7Y205C 


7Y20SC + NEM 


yY205C + TFPAM-3 


7 Y205C + CM 


Wild-type 


Activity 


26 


26 


25 


25 


22 


DCCD inhibition (%) 


15 (2) 


ND 


ND 


ND 


73 (2) 



the mutant ?Y205C showed half-maximal inhibition at a con- 
centration of 16 nM of added pure e sub unit, compared with 
only 9 nM for ECF^ from wild type (result not shown). ATPase 
activity was also measured in ECF 1 F 0 isolated from the mutant 
7Y205C. In the intact ATP synthase, the rate of ATP hydrolysis 
was essentially the same as that of wild-type enzyme (Table I). 

ECF a F 0 isolated from the mutant 7Y205C showed ATP hy- 
drolysis linked to proton translocation, but this was somewhat 
less efficient than observed for wild-type enzyme under equiv- 
alent conditions (see below), implying that the mutation 
7Y205C caused some disruption of the F r F 0 interface. ECFjFq 
from the mutant also showed a significantly lower sensitivity to 
dicyclohexylcarbodiimide than wild-type enzyme (Table I). 

Reaction of 7 Cys-205 with Maleimides under Different Nu- 
cleotide Conditions — The Cys introduced at residue 205 of the 
7 subunit was reactive to a variety of maleimides in both ECF 1 
and ECF^o isolated from the mutant yY205C. As shown in 
Table I, reaction of y Cys-205 in ECF X with CM or TFPAM-3 
(without photolysis) resulted in an increase in activity such 
that with these bulky maleimides, the modified enzyme had the 
same activity as e-free ECF 1 (from either the mutant 7Y205C 
or wild-type enzyme). After reaction of ECF a * from the mutant 
7Y205C with CM to modify the introduced Cys, there was 
essentially no inhibition of ATPase activity on addition of a 
large excess of purified e subunit. The Cys at residue 205 was 
also reactive to maleimides in ECF^q, but in this case, the 
modification did not activate the enzyme significantly (Table I). 

The rates of incorporation of [ X4 C]NEM and the fluorescent 
maleimide CM into 7 Cys-205 were compared under different 
nucleotide conditions. In ECF X and ECFjFq, the rate of modi- 
fication of this Cys by both reagents was significantly faster 
when ATP (as AMP-PNP + Mg* + ) was bound in catalytic sites 
than with ADP present (generated on the enzyme by adding 
ATP + Mg 2 ^ and allowing turnover for 30 min). With 
[ I4 C]NEM, there was twice as much reagent incorporated into 
7 Cys-205 within 2 min in AMP-PNP + Mg 2 " 1 " compared with in 
ADP + Pi + Mg 2 "" (result not shown). Fig. 1A shows the time 
course of reaction with CM in AMP-PNP+Mg 24 " (left side) com- 
pared with ADP + ^ +Mg 2+ (right side), whereas Fig. IB 
summarizes the reactivity of 7 Cys-205 in ECF^ ECFj* and 
ECFjFq. In ECF X *, there was no nucleotide dependence in the 
reactivity of 7 Cys-205 to CM. With ADP + P i +Mg 2+ bound, 
the rate of modification was as fast as in AMP-PNP+ Mg 2 **". 

Studies with Reconstituted ECF 2 F 0 Establish the Proximity 
°f y Cys-205 to the Polar Loop Region of the c Subunits — F x 
purified from the 7 subunit mutant Y205C was reconstituted 
with membrane vesicles containing F 0 isolated from the c sub- 
unit mutants cA39C, cQ42C, cP43C, and cD44C (see "Experi- 
mental Procedures"). Cross-linking within the reconstituted 
ECFiFo complexes was induced by the addition of Cu 2+ (1,10- 
phenanthroline). Fig. 2 shows the results obtained using a 
hybrid enzyme ECF 1 (7Y205C)F o (cQ42C). The oxidizing rea- 
gent generated a cross-link between the 7 subunit and c sub- 
unit of apparent M T 38,000 that was readily observed in Coo- 
massie Blue-stained gels. Based on the disappearance of the 7 
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Fig. 1 . Nucleotide-dependent labeling of residue yY205C in 
ECF^q, ECFj, and ECFj*. A, a time course of CM labeling of yY205C 
residue in ECFjF 0 . At the times (min) indicated, addition of 10 mM DTT 
was made to quench the un reacted CM. First six lanes, Mg 2+ /AMP- 
PNP; last six lanes, Mg a VADP/P i . fi, the relative fluorescence intensity 
of the y subunit after labeling with CM for 2 min under two nucleotide 
conditions (Mg^/ADP/Pj, and Mg 2+ /AMP-PNP) for different prepara- 
tions. In ECFj or ECFj*, a CM concentration of 5 /im was used. To 
quantitate the fluorescence intensity of the bands in the gels, pictures 
were taken with a transilluminator (Spectroline, Model 302) and then 
scanned with EPSON scanner. The images from scanning were quan- 
titated with the NIH Image program. The ATPase preparation and the 
nucleotide condition for CM labeling are below the barograph. 



subunit, the yield of cross-linked product was 95%. No cross- 
linked product involving 7 and c was observed in ECF l F 0 from 
the single mutant 7Y205C or in ECF^q from the single mutant 
cQ42C after Cu 2+ treatment. The M T 38,000 product was lost 
and the 7 subunit (monomer) reappeared in the gel profile 
when Cu 2+ -treated samples were incubated with DTT prior to 
electrophoresis (result not shown), confirming that the cross- 
link is a disulfide bond between the introduced Cys in 7 and 
that in the c subunit. 

As shown by the Western blot in Fig. 2B> there was also 
Cu 2+ -induced generation of the M r 38,000 cross-linked product 
of 7 and c subunits in the hybrid mutants ECF 1 (7Y205C)- 
F 0 (cP43C) and ECF 1 (7Y205C)F o (cD44C). This product was lost 
on the addition of DTT with both mutants. No cross-linking 
between the 7 and c subunits was obtained using the hybrid 
enzyme ECF 1 (7Y205C)F o (cA39C) (result not shown). There 
were additional cross-linked products in small amounts con- 
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taining 7 and c, particularly in the mutant ECF/7Y2050FO- 
(cD44C) (see Fig. 2B), some of which did not disappear with 
DTT treatment. These probably involve the Cys on the c sub- 
unit with remaining Tyr residues in the 7 sub unit region 205- 
228, particularly Tyr-207. One band migrating just above the 
main 7-c product could be a cross-link between 7 and two c 
subunits, one via a Cys-Cys linkage involving Cys-205, the 
second a Cys -Tyr linkage to Tyr-207. 

The Western blotting data in Fig. 2B show that with all three 
hybrid mutants, Cu 2+ also induced considerable subunit c 
dimer formation. Dimers of subunit c have been observed in the 
studies of Zhang and Fillhigame (18), as well as in our previous 
studies using mutants with Cys residues in the polar loop 
region of the c subunit (12). 

ATPase activities were measured before and after cross- 
linking. For the mutant ECF 1 (7Y205C)F o (cQ42C), a 95% cross- 
Unking of y to c caused at most a 30% inhibition of ATP 
hydrolysis. This inhibition is most likely partly due to subunit 
c dimer formation, because there was a similar loss of ATPase 
activity when ECF^q from the single mutant cQ42C was re- 
acted with Cu 2+ (result not shown). 

Cross-linking of the y subunit to a c subunit could also be 
induced by adding DTNB instead of Cu 2+ . Fig. 3 shows data 
obtained with the double mutant >Y205C:cQ42C. In the exper- 
iment in Fig. 3A, the yield of 7-c cross-linked product was 50% 
based on the disappearance of 7 (lane 2) y compared with a 95% 
cross-Unking yield in the double mutant when Cu 2+ was used 
(lane 3). Note that a small amount of cross-linking of 7 to c 
occurs in the absence of DTNB, probably due to oxidation 
reactions during sample preparation and incubations. Western 
blotting results in Fig. ZB confirm the cross-Unking and show 
the greater selectivity of DTNB in generating the 7-c cross- 
Unked product over the subunit c dimer even under conditions 
where the 7-c product obtained with Cu 2+ is in nearly the same 
yield as with DTNB. We assume that at the levels of DTNB 
used, Cys residues in the c subunit are modified more rapidly 
than the Cys at position 205 in the 7 subunit. With most or all 
of the Cys of c modified, disulfide bond formation between these 
sites is prevented. One of the DTNB modified c subunit mono- 
mers then reacts with unmodified 7 Cys-205 to generate the 7-c 
cross-Unked product. 

Table II lists the ATPase activities of the mutant after reac- 
tion with DTNB. Reaction of the double mutant with DTNB to 
generate around a 50% yield of cross-linked product 7-c caused 
an approximately 10-15% reduction in ATP hydrolysis. This 
compares with an approximately 40% inhibition of ATPase 
activity for ECF^ from the single mutant cQ42C but no 
inhibition of ECF^q from the mutant 7Y205C after the iden- 
tical DTNB treatment. Apparently, in the double mutant, the 
modification of both 7 Cys-205 and c Cys-42 in some enzyme 
molecules compensates for the inhibition due to DTNB reaction 
with c Cys-42 alone. 

A Cys at Position 205 of the 7 Subunit Forms Disulfide Bonds 
with Cys Residues Introduced at Positions 38 or 43 of the c 
Subunit — In the course of our recent studies, we have made 
several mutants containing a Cys in the e subunit (14, 16). 
These include cSlOC, cH38C, eT43C, cS65C, and cS108C. 
ECFj* (the a 3 /3 3 7 complex) isolated from the mutant 7Y205C 
was combined with each of the above-listed e subunit mutants 
to examine the proximity of Tyr-205 to the e subunit. In each 
case, the mutant e subunit was added in a 10-fold molar excess 
to ensure full occupancy of the e binding site. Samples were 
treated with 200 jtM Cu 2+ to induce disulfide bond formation. 
This led to cross-linking of e to the 7 subunit in the hybrids 
made with eH38C and eT43C but not with eSlOC, eS65C, or 
cS108C (result not shown). This cross-linking of 7 to chad Uttle 
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Fig. 2. Cross-linking between the 7 subunit of ECF 1 7Y205C 
and the c subunit of ECF 0 mutants cQ42C, cP43C and cD44C. A, 

Coomassie Brilliant Blue-stained gel of FJ7Y205C/FQCQ42C (lane 1), 
untreated control; (lane 2) CuSO 4 /l,10-phenanthroline- treated enzyme. 
B, immunoblots of untreated and CuSO 4 /l,10-phenanthroline- treated 
samples of hybrid ECFjFoS (F 1 tY205C/F o cQ42C, lanes 1 and 2\ 
F 1 7Y205C/F 9 cP43C } lanes 3 and 4; and FJ7Y205C/FQCD44C, lanes 5 and 
6), probed with either monoclonal antibody ^ (left-hand strip of each 
set) or antiserum to subunit c (right-hand strip of each set). The asterisk 
denotes the band corresponding to the 7-C2 cross-linked product men- 
tioned in the text. For each mutant, the two left-hand lanes are un- 
treated, and the right-hand lanes are Cu 2 ^-treated samples. 
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Fig. 3. Comparison of DTNB and CuSO/L,10-phenanthroline 
cross-link induction in purified ECF^o 7Y205C/cQ42C. A, Coo- 
massie-stained gel showing the 7 and 7-c bands for untreated (lane J), 
DTNB-treated (lane 2), and CuSO 4 /l,10-phenanthroline- treated (lane 
3) ECF^q from the mutant 7Y205C/cQ42C run under nonreducing 
conditions of SDS-PAGE. B, immunoblots of samples: untreated (lane 
1), DTNB-treated (lane 2), and CuSOyi^O-phenanthroline- treated 
ECFjFq (lane 3). Strips were probed with either monoclonal antibody 
Tin (left-hand strip of each pair) or antiserum to subunit c (right-hand 
strip of each pair). 



effect on the rates of ATP hydrolysis. 

Cross-linking studies were also conducted in ECF^q. For 
these experiments, ECF 1 F 0 from wild type was stripped of Fj 
and these F 0 -containing membranes were then reconstituted 
with the a 3 j3 3 7 complex from the mutant 7Y205C, along with 
purified 5 subunit and one of the different c subunit mutants. 
After the reconstitution step, membranes were separated from 
excess 6 and e subunits prior to addition of Cu 2+ . There was 
Cu 2+ -induced cross-linking of the 7 to the c subunit in hybrids 
containing the mutations cH38C (maximum yields 50%) and 
cT43C (yields as high as 90%) but not with the other e subunit 
mutants. As in ECF^ the cross-linked product 7-c ran very 
close to the 0 subunit in SDS-PAGE and was best observed in 
Western blotting experiments, such as in Fig. 4 (A and B). The 
monoclonal antibody anti-Tm was used for analysis (Fig. 4A). 
This mAb, like the others we have obtained to the 7 subunit, 
reacted close to Tyr-205 (see Ref. 29), giving only a weak 
reaction with the 7-c cross-linked product. As a result, high 
concentrations of the mAb had to be used and mAb 7 m then 
cross-reacted with the a subunit. Nevertheless, Fig. 4 (A and B) 
shows clearly the disappearance of 7 and c and appearance of 
the 7-c cross-linked in ECFjFq containing 7 Cys-205 and c 
Cys -38 (lanes 3) or c Cys-43 (lanes 4). The yield of cross-linking 
was estimated from Coomassie Brilliant Blue-stained gels. Fig. 
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Table II 

Effect of treatment with DTNB and BM on the ATPase activity of 
ECF X F Q preparations from various mutants 



Mutant 


Treatment 


ATPase activity 0 


cQ42C 


Untreated control 


% 

100 




+0TNB +DTT 


98 




+DTNB 


61 


yY205C 


Untreated control 


100 




+DTNB +DTT 


100 




+UTNB 


100 


7Y205C/cQ42C 


Untreated control 


100 




+DTNB +DTT 


104 




+DTNB 


87 




+BM 


100 



° Values are expressed as a percentage of remaining activity com- 
pared with the untreated control. Values represent the average of 
results from two experiments. 



4C shows data for Cu 2+ -induced cross-linking of ECFjFq con- 
taining the 7Y205C and eT43C mutations. The yield of cross- 
linking in this experiment, calculated from the change in area 
of the y subunit band using the a subunit band as a control, was 
55%. This was accompanied by a 20% loss of ATPase activity. 

Effect of Chemical Modification of y Cys-205 and Cross- 
linking of y to e or c Subunits on Proton Pumping — ECF^q 
from the 7Y205C mutant or the mutant cQ42C showed a re- 
duced proton pumping activity compared with wild-type en- 
zyme, when measured by the ACMA fluorescence quenching 
assay (compare Fig. 5, traces A and B). Modification of the 
introduced Cys-205 with several maleimides (result not shown) 
or by DTNB reduced the levels of proton pumping by the 
mutant further. With DTNB reaction, proton pumping activity 
was partly recovered on adding DTT (Fig. 5A). Maleimide or 
DTNB modification of ECFjFq isolated from the mutant cQ42C 
also had a small effect on the proton pumping activity (Fig. 55), 
whereas DTNB modification of the double mutant yY205C: 
cQ42C caused essentially full loss of ATP-driven proton pump- 
ing (Fig. 5C), which was also mostly recovered on DTT addition. 
This essentially full inhibition occurred with around a 50% 
yield of cross-Unking of y to c, suggesting that it was the 
chemical modification of both sites in the complex rather than 
the cross-linking that was responsible. As shown by Fig. 5 
(trace D), reaction of the mutant yY205C:cQ42C with benzo- 
phenone maleimide likewise caused full loss of proton pumping 
activity. This reagent reacts with the introduced Cys residues 
but does not induce disulfide bond formation. The proton 
pumping activity of benzophenone maleimide-modified enzyme 
was not recovered upon the addition of DTT. 

Attempts were made to measure the proton pumping activity 
after Cu 2+ treatment of various double mutants including both 
the Cys at 7 205 and mutations in the e or c subunits described 
above. The combination of mutations yY205C and eH38C was 
found to abolish ATP-driven proton pumping, whereas each 
mutation individually retained this activity. Cu 2+ treatment to 
induce cross-linking greatly reduced the proton pumping activ- 
ity of all mutants tested under conditions where ATPase activ- 
ity was retained. However, this treatment inhibited proton 
pumping activity to 80% even in wild-type enzyme, an inhibi- 
tion that was only partly regained by incubation with DTT. As 
a consequence, the effect of cross -linking on proton pumping 
was not pursued further. 

DISCUSSION 

The studies described here extend our original finding (12) 
that oxidizing conditions generate a covalent cross-link be- 
tween a Cys introduced at position 44 of the c subunit of the F 0 
and the y subunit of the F! part of ECF^q Here Tyr-205, one 



A 



1 2 3. 4 




B 



.1 2 3 4 




C r-r— : : : r-r . . . . — 

Migration Distance 

Fig. 4. Cross-linking between yY205C and sites on the e sub- 
unit in ECF l F 0 . A, Western blot analyzed with mAb anti-ym using a 
12% SDS-polyacrylamide mini gel to separate the y~e product from a 
and 0 subunits. This mAb also had significant reaction with the a 
subunit under the conditions used. The reactivity with the y subunit is 
diminished in the cross-linked product, probably because of steric ef- 
fects, and so the Western blot was heavily over-exposed. B, Western blot 
analyzed with the anti-e antibody after identical Cu 2+ treatments. Lane 
1, wild-type enzyme; lane 2, eSlOC; lane 3, «H38C; lane 4, eT43C. C, 
density scanning profile of ECF,K 0 reconstituted with the -yY205C, a 3 0 3 
y complex, and €T43C. The dotted line shows untreated enzyme. The 
solid line is after treatment with Cu 2 *. The region of the SDS-polyacryl- 
amide gel (10-22%) between the y and a subunit is shown to demon- 
strate the disappearing gradient of the y subunit by cross-linking to the 
e subunit. 

of four Tyr residues in the short stretch of the y subunit 
identified as involved in the cross-linking reaction with the c 
subunits, has been replaced by a Cys. ECFj from the mutant, 
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FIG. 5. Effect on ATP-coupled H + translocation of DTNB and 
benzophenone maleimide modification of the enzyme. ECF,F 0 
7Y205 (A), ECFjFo cQ42C (B), and ECF^ yY205C/cQ42C (C and D). 
A-C, untreated control (thin line), DTNB treated (thick line), and 
DTNB-treated followed by reduction with DTT (dotted line). In D, 
benzophenone maleimide was used as the modifying reagent. Traces 
represent the results from a single experiment, but in each case equiv- 
alent results were obtained in several experiments. 

7Y205C, had an increased ATPase activity due to an altered 
affinity of the a 3 /3 3 y core complex for the inhibitory e subunit, 
but the ATPase activity of the intact ECF 1 F 0 was not altered 
compared with wild type by the mutation. The Tyr — ► Cys 
change also caused a small reduction in efficiency of ATP- 
driven proton translocation when measured by the ACMA 
quenching assay, but the ECF^ clearly retained this coupling 
function. 

A key finding of the present study is that the Cys in y at 
position 205 can be cross-linked to Cys residues introduced in 
the c subunits at positions 42, 43, or 44 in essentially full yield 
by Cu 2+ treatment and in good yield by reaction with DTNB. 
This establishes that the y subunit extends the full 40-45 A of 
the stalk. The other subunit now known to extend the entire 
length of the stalk is the e subunit ( 13). In addition to covalent 
linkage to the c subunits, y Cys-205 could also be cross-linked 
to the e subunit via Cys residues in this subunit at positions 38 
and 43 (but not at positions 65 or 108). Residues 38 and 43 are 
at one end of the 10 -stranded j3 sandwich structure constituted 
by the N-terminal domain of the e subunit (13). This end has 
been shown to interact with the c subunit oligomer by a com- 
bination of genetic and cross-linking experiments (17, 18). 

The fact that y Cys-205 can interact with Cys introduced into 
either the c subunits or the c subunit not only indicates the 
proximity of these sites but also emphasizes the dynamic char- 
acter of the complex. The ATP synthase presumably switches 
between several conformations during energy coupling. In this 
regard, the observed nucleotide dependence of the reactivity of 
y Cys-205 to maleimides is interesting. This site reacted sig- 
nificantly faster with maleimides in both isolated ECF X and in 
ECF X F 0 in the ATP state (with Mg AMP-PNP bound) than in 
the ADP (Mg 2 *) state. We have previously observed nucleotide- 
dependent conformational changes in the y subunit near cata- 
lytic sites (by cross-linking and fluorescence changes of probes 
attached at Cys introduced at position 8 (30)) at Cys-87 (by 



changes in reactivity to maleimides (31)) and at position 106 
(from fluorescence changes of CM bound to a Cys at this site 
(30)). The results for y Cys-205 now establish that the confor- 
mational change occurring with ATP hydrolysis is propagated 
by the y subunit from the catalytic sites to the interface of the 
F t with F 0 . 

As with the conformational changes detected at other parts 
of the y subunit (30, 31), the nucleotide dependence of the 
reaction of Cys-205 was lost on removal of the e subunit. ECF 2 
from which the e subunit has been removed is a highly active 
ATPase, and therefore, as we have discussed before (30, 31), 
the conformational changes observed at residues 8, 87, 106, 
and now 205 cannot be necessary for ATP hydrolysis. Rather, 
they likely represent structural changes that are part of the 
energy coupling within the complex that are in addition to 
rotation of the y and £ subunits that occurs during the cooper- 
ative functioning of catalytic sites (32-34). 

The covalent linkage of y via Cys-205 to the c subunits at 
positions 42, 43, or 44 proved to have very little effect on 
ATPase activity. A pattern of effects of covalent cross-linking of 
subunits to one another on enzyme function is emerging. Cross- 
linking of y or £ to a or j3 subunits in our studies has in all cases 
fully inhibited ATPase activity (14-16, 35) (also see Ref. 36). In 
contrast, cross-Unking of y to e (14, 16) and now of y to c 
subunits did not greatly reduce ATP hydrolysis. The implica- 
tion is that the rotations or translocations of subunits that are 
a part of the cooperativity of catalytic sites must involve the 
a 3 /3 3 domain moving relative to 7 and e plus the c subunit 
oligomer. This could occur by the at 3 0 3 domain rotating relative 
to a fixed unit of the rest of the ATP synthase or the y, £, and 
c subunit oligomers rotating within a scaffold of the a 3 |3 3 do- 
main plus the 8, a, and b subunits. 

It is not clear at present whether covalent cross-linking of y 
to the c subunit oligomer alters proton pumping. It was not 
possible to assess this issue when Cu 2+ oxidation was used to 
generate cross-links. After DTNB-induced cross-linking, there 
was complete loss of proton pumping without concomitant loss 
of ATPase activity, implying an uncoupling of the two func- 
tions. However, it was the maleimide modification of both y 
Cys-205 and the adjacent Cys in the c subunits that caused the 
effect, not the cross-linking reaction per se. 
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Eight genes (atpl, atpB, atpE lt atpE 2 , atpE 3i atpF> 
atpH, and atpA) upstream of and contiguous with the 
previously described genes atpG, atpD, and atpC were 
cloned from chromosomal DNA of Acetobacterium woo- 
dii. Northern blot analysis revealed that the eleven atp 
genes are transcribed as a polycistronic message. The 
atp operon encodes the Na + -F 1 F 0 -ATPase of A. woodii, as 
evident from a comparison of the biochemically derived 
N termini of the subunits with the amino acid sequences 
deduced from the DNA sequences. The molecular anal- 
ysis revealed that all of the FjFo-encoding genes from 
Escherichia coli have homologs in the Na + -F 1 F 0 -ATPase 
operon from A woodii, despite the fact that only six 
subunits were found in previous preparations of the 
enzyme from A woodii. These results unequivocally 
prove that the Na + -ATPase from A woodii is an enzyme 
of the FjFq class. Most interestingly, the gene encoding 
the proteolipid underwent quadruplication. Two gene 
copies {atpE% and atpE s ) encode identical 8-kDa proteo- 
lipids. Two additional gene copies were fused to form 
the atpE 1 gene. Heterologous expression experiments as 
well as immunolabeling studies with native membranes 
revealed that atpEj encodes a duplicated 18-kDa prote- 
olipid. This is the first demonstration of multiplication 
and fusion of proteolipid-encoding genes in FjF Q - 
ATPase operons. Furthermore, AtpE 2 is the first dupli- 
cated proteolipid ever found to be encoded by an F^Fq- 
ATPase operon. 



Acetobacterium woodii is a strictly anaerobic, homoaceto- 
genic bacterium which relies on a sodium ion potential across 
its membrane for energy-dependent reactions (1). The sodium 
ion potential is established by a yet not identified primary 
pump, connected to the acetyl-CoA pathway (2, 3). The A/Z^' 
established is used as driving force for flagellar rotation as well 
as ATP synthesis (3-6). The enzyme responsible for A£ Na +- 
driven ATP synthesis was purified and characterized as a 
Na 4 -translocating enzyme (7). It was characterized by imniu- 
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nological methods, inhibitor studies, and by the molecular 
analysis of the genes encoding subunits y, /3, and e as a Na + - 
FjFo-ATPase (8-10). A gene encoding subunit c was cloned, 
and the sequence analysis together with biochemical studies 
revealed residues potentially involved in Na + liganding in the 
proteolipid (11). To date, there are only two thoroughly studied 
examples in this class of Na^-FiFo-ATPases, the enzymes from 
Propionigenium modestum (12) and A. woodii. 

Interestingly, the purified Na + -F x F 0 -ATPase of A woodii 
contained only six polypeptides (7). Five were identified as 
subunits a, /3, y, e, and c, respectively. Because all bacterial 
ATPases known to date contain eight non-identical subunits, 
two subunits (including at least one of the membrane-bound 
subunits a and 6) were apparently missing in the purified 
enzyme. Nevertheless, the purified enzyme was capable of cou- 
pling ATP hydrolysis to Na + transport. A simpler architecture 
was also postulated for some F^o-ATPases from phylogeneti- 
cally related Clostridia (13-15). 

To determine whether the ATPase from A woodii does in- 
deed contain less subunits than the enzyme from Escherichia 
coli, an alternative way was chosen. To delineate the subunit 
composition of the enzyme, we chose a molecular approach 
taking advantage of the fact that (most) bacterial F^-ATPase 
encoding genes are organized in operons (16). Here we describe 
the cloning and characterization of a DNA region containing 
eight genes (atpl, atpB, atpE x , atpE 2 , atpE Si atpF t atpH, and 
atpA) upstream of and contiguous with the previously de- 
scribed genes atpG, atpD, and atpC. 

EXPERIMENTAL PROCEDURES 

Materials — All chemicals used were reagent grade and purchased 
from Merck AG, Darmstadt, Germany. [^Sl Methionine was from Hart- 
mann Analytik, Braunschweig, Germany. Antibodies were prepared by- 
Bioscience, Gottingen, Germany. 

Organisms and Plasmids — A. woodii (DSMZ 1030) was obtained 
from the "Deutsche Sammlung fur Mikroorganismen und Zellkulturen" 
(DSMZ), Braunschweig, Germany, and grown under strictly anaerobic 
conditions on carbonate-buffered medium supplemented with 0.4% gly- 
cine (17). E. coli DH5« (supEte A/acU169 (<P80iacZAM15) hsdrll recAl 
endAl gyrA96 thil relAl (18)) was grown on Luria broth at 37 a C, E. coli 
DK6 (F", Str 1 ", hsdR, minA, minB, purE 7 pdxC t his, ilv, met MuncB- 
uncC) (19)) at 30 C C on Luria broth plus 1% glucose. Plasmids used were 
pBluescript SK and KS (Stratagene), pACYC184 (20), pHSG398 and 
pHSG399 (21), and pMalc2X (New England Biolabs). 

Molecular Procedures — Chromosomal DNA of A woodii was isolated 
by a modified Marmur preparation as described before (11, 22), re- 
stricted, size- fractionated by gradient centrifugation, and cloned into 
pBluescript SK or pACYCl84. All procedures used were standard tech- 
niques (23). Oligonucleotides were from Life Technologies, Inc. GmbH, 
Eggenstein, Germany. DNA sequence was determined by the chain 
termination method of Sanger (24) and analyzed on a VAX computer 
using the Wisconsin Genetics Computer Group sequence analysis soft- 
ware package, Version 8.1 (University of Wisconsin Biotechnology Cen- 
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Fig. 1. Physical maps of the atp 
operon and plasmids used in this 
study. B, Bgai; Bs, BstXL; C, Clal; Ea, 
EagI; Ec, EcoRl; H 7 HindUl; P, Pstl. A 
transcriptional terminator is indicated. 
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ter, Madison, WI). Cloning of pAFl and pSR4 was described before (8, 
11). A 2.7-kbp BgllUHindlU fragment from pSR4 that hybridized with 
a 1.9-kbp EcolV Hindlll fragment was cloned into BamHUHin&lH re- 
stricted pACYC184 (pSR184BHV). The cloning of the 5'-terminal region 
of the atp operon was not possible by conventional methods. However, 
from Southern blots the presence of a Smal site ^1600 bp upstream of 
atpE x was evident. A degenerated primer carrying the Smal restriction 
site (OSmaV, 5'-TT(GTXGT)(GT)(GT)(GT)CCCGGa3'} and a homolo- 
gous primer (OAwar, 5 '-TCC ATCGCCCCAGAAATAAA-3 ' ) derived 
from the 3 '-terminal end of the atpB gene were used to amplify by PCR 
the 5 '-terminal region of the atp operon. The resulting 1.6-kbp fragment 
was cloned into EcoKV restricted pACYC184 and designated pSREVB. 
After DNA sequencing, PCR was used to verify that this fragment is 
present as such on the chromosome (data not shown). 

Northern Blotting — For RNA isolation, cells were harvested in the 
logarithmic growth phase and immediately used or frozen at -70 °C. 
RNA isolation was done with the "RNeasy™ Total RNA Kit" Qiagen, 
Hilden, Germany, as described b}' the manufacturer. 

Heterologous Expression — pSRl84BHV was restricted with EcoRV, 
and atpE t , atpE 2 , and atpE z were cloned into .EcoRV restricted 
pHSG399 (pSR7v). atpE x derived by PCR was cloned into pHSG398 
(pSRclv). A 10-bp Xhol linker (CCCTCGAGGG) was inserted into the 
unique i?co 47 III site within atpE x of pSRclv, resulting in pSRclvX. 
Plasmids were transformed into E. coli DK6, and minicells were iso- 
lated essentially as described (25). Gene expression was induced by 
IPTG. Two identical minicell preparations were pooled, pelleted, and 
resu3pended in buffer (pH 8.0) containing 50 mM Tris-HCl, 50 mM 
EDTA, 15% sucrose, and 0.3 mg of lysozyme/ml. After incubation on ice 
for 30 mm, cells were centrifuged and resuspended in ice-cold r^O. The 
membranes were pelleted by centrifugation, the supernatant contain- 
ing cytoplasm and periplasm was removed, and the membranes were 
washed twice. SDS-PAGE, fluorography, and autoradiography was as 
described (26, 27). 

Construction of Plasmid pMal-atpE* and Overexpression of 
AtpEj* — Base pairs 154 to 212 oiatpE x (named atpE^) were amplified 
from chromosomal DNA of A. woodii by PCR using two oligonucleotides 
which introduced EcoRl and Pstl sites, respectively (PatpEi-3, 5'- 
ATCGGACAG G A ATTC GCGGCC-3 ' ; PatpE A -4, S'-TGCTCCTA GCTG- 
CAGAATCAT-3'). The PCR fragment was cloned in pMalc2X f and tiie 
resulting plasmid was transformed into E. coli DH5a. Cultures were 
grown in Luria broth at 37 °C, and expression was induced at an A GOO of 
0.5 by adding IPTG to a final concentration of 0.3 mM. After 2 h of 
growth, cells were harvested, washed, and disrupted at high pressure in 
a French press. Further purification of the fusion protein was per- 
formed as recommended by the manufacturer. For immunization of a 
rabbit, the entire fusion protein was used. 

Immunohlotting — Cytoplasm and washed membranes of A woodii 
were prepared as described previously (7), subjected to SDS-PAGE (26), 
and transferred to nitrocellulose membranes (Schleicher & Schuell, 
Dassel, Germany). The membranes were blocked for 1 h, washed three 
times with PBST (140 mM NaCl, 10 mM KC1, 6.4 mM Na^HPO,, 2 mM 
KHaPO^, 0.05% Tween 20 > for 10 min, and incubated with antisera (4 
Mg of protein/ml of PBST) for 12 h at room temperature. The mem- 
branes were washed again three times with PBST (30 min) and then 
incubated for 1 h with protein A-horseradish peroxidase conjugate. 
After three further washing steps (10 min), luminescence was detected 



using the chemiluminescence blotting substrate from Roche Molecular 
Biochemicals (Germany). 

RESULTS 

Organization and transcriptional analysis of the genes cod- 
ing for the Na + 'F 2 F 0 ~ATPase from A. woodii — Previously, an 
EcoBI fragment containing the 3' end of atpA, the complete 
atpG, atpD y and atpC genes, as well as the downstream inter- 
genic region, and a following partial open reading frame encod- 
ing AlgD was cloned and sequenced (8). We have now cloned 
the DNA region upstream of this i?coRI fragment on a series of 
overlapping clones (see "Experimental Procedures"). DNA se- 
quence analysis revealed the presence of eight genes which, 
based on data base searches, primary sequence alignments, 
secondary structure predictions, and by comparisons with the 
experimentally derived N termini of the subunits of the puri- 
fied protein, encode the previously purified and characterized 
Na + -F 1 F 0 -ATPase (7). These genes are organized in the order 
atply atpB y atpE v atpE 2 , atpE z , atpF, atpH, and atpA (Fig. 1). 
A strong transcriptional terminator downstream of atpC lias 
been described before (8). To determine whether these genes 
are organized in an operon, RNA was isolated from fructose- 
grown cells and probed with a 1 .9-kb fragment covering atpE x - 
atpA. As can be seen in Fig. 2, the probe hybridized to a 
fragment of ~10 kb. Because the deduced size of the atpf-atpC 
transcript is 8.035 kb, this experiment gives evidence that atpl 
through atpC are transcribed, together with non-coding regions 
upstream and downstream, as one message. 

The genes atpl, atpB> atpE lt atpE 2 , atpE$ t atpF, and atpH 
are predicted to start with an ATG codon, but atpA starts with 
the rare codon TTG. Every start codon is preceded by well 
conserved Shine-Dalgarno sequences. Characteristic transla- 
tional features are shown in Table I. The codon usage of the 
genes is similar to other organisms, and the GC content of the 
genes correspond to the GC content of chromosomal DNA of A. 
woodii. 

Properties of the Gene Products — The properties of the gene 
products are summarized in Table II. Generally, atpl through 
atpF code for hydrophobic polypeptides, whereas atpH through 
atpC code for hydrophilic ones. 

Atpl— atpl codes for a polypeptide with a deduced molecular 
mass of 14.86 kDa. It is very hydrophobic with two predicted 
transmembrane spans. 26, 36, and 20% of its residues are 
identical in Atpl from P. modestum (28), E. coli (29), and 
Moorella thermoacetica (13), respectively. Atpl was not de- 
tected in the purified enzyme (7). 

AtpB— The deduced molecular mass of atpB is 24.48 kDa. It 
is similar to subunit a from other F^-ATPases: 45, 41, and 
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37% of its residues are identical in subunit a of P. modcstum 
(30, 31) E. coli (32), and M. thermoacetica (13), respectively. 
Subunit a is essential for Na + transport across the membrane, 
and its structure and function in Na + transport is described 
elsewhere (33). AtpB was not detected in the purified enzyme 
(7). 

AtpE — Interestingly, we found three genes downstream of 
atpB, each encoding a proteolipid-like protein. To exclude any 
cloning artifacts, different primers were derived from the DNA 
sequence obtained and used to amplify this region from chro- 
mosomal DNA. All controls revealed that there are indeed 
three copies of atpE present on the chromosome (data not 
shown). Because this rinding is very unusual it is analyzed in 
more detail below. 

AtpF — atpF codes for a polypeptide with a molecular mass of 
20.8 kDa. It has a hydrophobic N terminus. The hydrophilic 
domain is largely ot helical, as revealed by secondary structure 
predictions. 24, 22, and 28% of its residues are identical in 
subunit b of P. modestum (30, 31), E. coli (29), and M ther- 
moacetica (13), respectively, indicating that AtpF is the homo- 
log of subunit b. The similarities are 37, 36, and 42%, respec- 
tively. AtpF was not detected in the purified enzyme (7). 

AtpH — The deduced N-terminal sequence of AtpH is identi- 
cal to the biochemically derived N-terminal sequence 
(XLVASKYA) of the 19-kDa subunit of the purified enzyme (7). 
The deduced molecular mass of 20.68 kDa fits well to the 
experimentally derived value. 29, 22, and 23% of its residues 



A 





Fig. 2. Northern blot of A. woodii mRNA probed with atpE x - 
atpA. RNA was isolated as described and separated by agarose gel 
electrophoresis. The gel was blotted and hybridized with a fragment 
covering atpE x -atpA (A). RNA was visualized by UV light after 
ethidium bromide staining (B). Ethidium bromide was added to only one 
aliquot of the RNA preparation {lane 2) and the RNA standard {lane 3), 
but not to the sample in lane 1. 



are identical in subunit 5 of P. modestum (28, 34), E. coli (29), 
and M. thermoacetica (13), respectively, indicating that the 
19-kDa subunit is the homolog of subunit 6. 

AtpA — The deduced N-terminal sequence of AtpA is identical 
to the biochemically derived N-terminal sequence (XNL-PEEI) 
of the 57-kDa subunit of the purified enzyme, which was shown 
by immunological methods to be the homolog of subunit a (7). 
This is supported by the molecular data: 53, 60, and 61% of its 
residues are identical in subunit a of E. coli (29), P. modestum 
(28, 34), and M. thermoacetica (13), respectively. The deduced 
molecular mass of AtpA (54.82 kDa) corresponds well to the 
experimentally derived value. 

Three Genes Coding for Subunit c — The most unusual prop- 
erty which is without precedence in any bacterial species was 
the finding of three proteolipid-encoding genes (atpE lt atpE 2 , 
atpE 3 ) in the FjFo-ATPase operon. The DNA sequences of 
atpE 2 and atpE 3 are nearly identical. Both have 246 base pairs, 
and only 18 substitutions occurred on the DNA level. The 
amino acid sequence of the deduced polypeptides is 100% iden- 
tical, the deduced molecular mass is 8.18 kDa. 69, 42, and 40% 
of the residues are identical in subunit c of P. mvdestum, E. 
coli, and M. thermoacetica, respectively (Fig. 3). The deduced 
N-terminal sequence matches exactly the biochemically de- 
rived sequence (XEd)LDF(I)K) of the proteolipid detected in 
the purified enzyme (7). The structure and function of AtpE^ 
AtpE 3 and the role of Pro-25, Gln-29, Glu-62, and Thr-63 in 
Na + transport have been discussed elsewhere (11). However, it 
should be noted that the previously published sequence was 
erroneous which led to a protein extended C-terminally by 
seven residues. 

Most interestingly, atpE x has 546 base pairs, and repeated 
sequencing did not reveal a stop codon within the sequence of 
atpE x . It is more than double the size of atpEJatpE 3 . The first 
and second halves are 66% identical on the DNA level, indicat- 
ing a duplication and subsequent fusion of a precursor gene. 

The deduced molecular mass of AtpEj is 18.37 kDa with four 
predicted transmembrane helices arranged in two hairpins. 
Only 60% of the residues of hairpins 1 and 2 are identical. 70 
and 72% of the residues of hairpins 1 and 2, respectively, are 
identical in AtpE^/AtpE^ However, the membrane-buried 
Na + -translocating residue (Glu-62 in AtpE^AtpEg), which is 
also conserved in H* -F x F 0 -ATPases (35, 36), is substituted by a 
glutamine residue in hairpin 2 (Fig. 3). Apart from Glu-62, the 
residues Pro-25, Gln-29, and Thr-63 have been proposed to be 
involved in Na + binding in AtpE^AtpEg (11); these three res- 
idues are conserved in both hairpins. Interestingly, from the 
multiple alignment it is evident that AtpE A contains an en- 
larged N terminus of 17 residues which is not present in AtpE^ 
AtpE 3 (Fig. 3). 



Table I 

Ribosomal binding sites, stop, and start codons of the atp genes 
Shine-Dalgarno sequences are underlined, start codons are shown in bold, and stop codons are shown in italics. There are small intergenic 
regions between atpl and atpB (65 bp from stop to start), atpE 1 and atpE 2 (42 bp), atpE 2 and atpE 3 (56 bp), and atpG and atpD (84 bp). The sequence 
of atpG, atpD. and atpC were published previously (8) but are included here for the sake of completeness. 



Gene 



Sequence 



GC content 



Consensus 

atpl 

atpB 

atpE x 

atpE 2 

atpEz 

atpF 

atpH 

atpA 

atpG 

atpD 

atpC 



. . . TAAGGAGGT . . . 
. . . GTAAA AAAGGAA GATAACGAACGTG ATG. 

ACAAT GAGGT GAAAAAACA ATG. . . 

. TAATGAGAAAG AAAGGAGG GAACAGT ATG 

T TAGGAGG AAAACATAATT ATG . . 

CAAGGAGG AACATATACAC ATG . . 

TTAAAT TGAGGT GATTCACAA ATG . . . 

GATAA GGGAGGG GATGCGCA ATG A. . . 

AT TAAAAAGAGGT G AGT AAAG TTG 

TAGATTGTCAGC GGAGGTG ATTTTCGA GTG. . . 

CAAGGAGjGTTAGTGGGA ATG .... 

TAGTTGAGGTGAGTTTTA ATG .... 



33.84 
40.91 
43.77 
46.75 
45.94 
35.51 
34.81 
43.25 
41.10 
41.13 
41.80 
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Heterologous Expression of atpE t in E. coli and Targeting of 
the Protein to the Membranes — Although the duplicated prote- 
olipid-encoding gene suggested the presence of a duplicated 
proteolipid, posttranscriptional modifications had to be ex- 
cluded. Therefore, atpE lt atpE^ and atpE 3 were cloned into an 
appropriate vector (pHSG399) and expressed in mini cells of the 
ATPase-negative mutant E. coli DK6 in the presence of 
I 35 S] methionine (see "Experimental Procedures"). Cell-free ex- 
tract was separated into membranes and cytoplasm and was 
subjected to SDS-PAGE and autoradiography. To determine 
whether the separation of cytoplasm and membranes was suc- 
cessful, the cellular localization of the 0-lactamase, expressed 
from pBluescript SK, was analyzed. Pre-/3-lactamase and /3-lac- 
tamase were found predominantly in the membrane fraction 
and the soluble fraction (containing both cytoplasm and 
periplasm), respectively, as expected (Fig. 4). When atpE x 
atpE 2 , and atpE 3 were expressed, two proteins with apparent 
molecular masses of 7 and 16 kDa were detected. These pro- 
teins were not present in the vector control. The experimentally 
determined molecular mass of 7 kDa corresponds well to the 
deduced masses of AtpE2/AtpE 3 , and the experimentally deter- 
mined molecular mass of 16 kDa corresponds well to the de- 
duced molecular mass of the duplicated proteolipid, AtpEj. The 
proteolipids AtpEi and AtpE^AtpEa were found exclusively in 
the membrane fraction. 

Because it is known that the proteolipid from A woodii forms 
very stable oligomers which are even resistant to boiling in 
SDS -containing buffer, it had to be excluded that the 16-kDa 
polypeptide is a dimer of AtpEa/AtpEg. Therefore, atpE 1 was 
cloned separately and, in addition, a frameshift giving rise to a 

Table II 

Properties of the deduced gene products of the atp operon 



Polypeptide" Residues M T pi 



Atpl 


133 


14,860 


10.94 


AtpB 


220 


24,480 


7.10 


AtpE x 


182 


18,370 


5.01 


AtpE 2 


82 


8,180 


4.48 


AtpE 3 


82 


8,180 


4.48 


AtpF 


184 


20,800 


5.52 


AtpH 


180 


20,680 


5.45 


AtpA 


501 


54,820 


5.39 


AtpG 


300 


33,800 


5.76 


AtpD 


466 


51,000 


5.22 


AtpC 


133 


17,500 


6.15 



a The sequences of AtpG, AtpD, and AtpC were published previously 
(8) but are included here for the sake of completeness. 



truncated AtpE x was introduced by cloning a linker into the 
coding sequence. When atpE 1 was expressed, only the 16-kDa 
protein was detected, which again was exclusively found in the 
membrane fraction (Fig. 4). However, in the construct contain- 
ing the linker, the 16-kDa protein was no longer present but a 
9- kDa polypeptide was found instead in the membranes; the 
molecular mass of this protein corresponds well to the deduced 
mass of the truncated protein. These experiments clearly dem- 
onstrate that atpE x codes for a duplicated proteolipid with an 
apparent molecular mass of 16 kDa, which is, at least in 2?. coli, 
not converted into two 8-kDa proteolipids. Furthermore, the 
proteolipid from the Gram-positive A woodii is targeted to the 
membrane of the Gram-negative host. 

Immunological Detection of AtpE Y in A. woodii — To exclude a 
hypothetical, A. «;ood«-specific modification system not pres- 
ent in E. coli, the presence in A woodii of the duplicated 
proteolipid, AtpE a , had to be verified. Therefore, an immuno- 
logical approach was chosen. To generate an antiserum, atpE x 
was cloned into various vectors and expressed in E. coli as such 
or as fusion protein. However, overexpression could never be 
detected; instead, upon induction of transcription growth of the 
host cells stopped immediately, and the cells lysed. To circum- 
vent this problem, only base pairs 154-212 (named atpE^) 
were fused to malE. This construct was overexpressed in E. coli 
in high yields. Control experiments revealed that there is no 
MalE homolog in A. woodii (data not shown) and, therefore, the 
entire fusion protein was purified and used to immunize rab- 
bits. For the immunological detection of AtpE 1? A woodii was 
grown on fructose up to logarithmic growth phase, harvested, 
and separated into cytoplasm and membranes. After SDS- 
PAGE, the gel was probed with an anti-AtpEj* antibody. As 
can be seen in Fig. 5, the duplicated proteolipid (AtpEj) was 
unequivocally present in the membrane fraction. The migra- 
tion behavior of native AtpEj was identical to the heterolo- 
gously expressed protein, and there was no indication for 
smaller forms of AtpE lt The heterologous expression experi- 
ments together with the Western blots exclude a posttransla- 
tional splitting of AtpEj into two 8-kDa proteolipids but gave 
clear evidence for a duplicated proteolipid in A woodii^ the first 
ever found to be encoded by an FjFo-ATPase operon. 

DISCUSSION 

From the data presented here and elsewhere (8), it is evident 
that the Na'-FxFo-ATPase operon of A. woodii contains eleven 
genes. All the genes found in other bacterial species (37) have 



Fig. 3. Alignment of the deduced 
amino acid sequence of the proteolip- 
ids of A woodii with proteolipids of 
other organisms. Aw la, residues 1—104 
of AtpEj of A. woodii; Awlb, residues 
105-182 of AtpEj of A woodii; Aw2, 
AtpE 2 of A woodii; Aw3, AtpE 3 of A woo- 
dii; Pm, P. modestum (30, 47); Eh, resi- 
dues 69-156 of the duplicated proteolipid 
from the V,V 0 -ATPase of Enterococcus 
hirae (48); Ec, E. coli (29); Va, Vibrio al- 
ginolyticus (49); PS3, thermophilic bacte- 
rium PS3 (50); Bm, Bacillus megaterium 
(51); Sc, Synechocystis PCC6803 (52). The 
putative Na ^-binding site is given in bold 
letters. The ion specificity of the enzymes 
is indicated on the left. 



Awl a 

Awlb 

Aw2 

Aw3 

Pm 

Eh 



Ec 
Va 

PS 3 



Awl a 

Awlb 

Aw2 

Aw3 

Pm 

Eh 



1 MIGDMNIVDF VIQFLSQFDP VDVIKGFSAL GIGL.AM. VAG 

105 VWILSASAM ASGIAM.IAG 

1 MEG LDFIKACSAI GAGIAM. I AG 

1 MEG ".DFTKACSA7 G AG T AM. TAG 

1 MDMVLA KTWLAASAV GAGAAM . I AG 

69 G FVIAFLIFIN LGSDMSWQG LNF1CASLPI 

1 M HNLNMDLLYM AAAVMMGLAA 

1 M 2TL.LSFSAI AVGIIVGLAS 

1 MSLGVL AAA I AVGLGA 

1 MGLI ASAIAIGLAA 

1 M DSTVAAASVI AAA1AVGLGA 



VGPGIGQ3FA 49 
IGPGTGQGYA 132 
VGPGIGQ3FA 32 
VGPGTGQ3FA 32 
IGPGVGQjYA 35 
AFTGLFSGIA 109 



IGAAIGIGIL 
LGTAIG?ALL 
LGAGIGNGLI 
LGAGIGNGLI 24 
IGPCIGQGNA 31 



31 
30 
26 



50 AGKGAEAVGK 
133 AGKGAEAVGI 
33 AGKGAEAVGR 
33 AGKGAEAVGR 
36 AGKAVESVAR 
110 QGKVAAAGIQ 



EC 
Va 
PS 3 
Bm 
Sc 



31 GGKFLEGAAR 

31 GGKFLEGAAR 
27 VSRTIEC-IAR 
25 VSKTIEGTAR 

32 SGQAVSGIAR 



NPTKSNDIVM IMLLGAAVAE TSGIFSLVIA LILLFANPFI SSTAS..104 

RPEMKSAILR VMLLGQAVAQ TTGIYALIVA LILMYANPFL 182 

CPEAQSDIIR TMLLGAAVAE TTGIYGLIVA LILLFANPFF 82 

CPEAQSDIIR TMLLGAAVAE TTGIYGLIVA LILLFANPFF 82 

CPEAKGDIIS TMVLGQAIAE STGIYSLVIA LILLYANP.F VGLLG. . 89 

ILAKKPEHAT KGIIFAAMVE TYAIZASFVIS FLLVLNA 156 

CPDLIPLLRT CyTIVMGLVD AIPMIAVGLG LYVMFAVA 79 

CPEMAPMLQV KMFIIAGLLD AVPMIGIVTA LLFTFANPFV GQLG. . . 84 

CPELRPVLQT TMF IGVALVE ALPIIGWFS FIYLGR 72 

CPEARGTLTS MMFVGVALVE ALPIIAWIA FMVQGK 70 

CPEAEGKIRG TIiLLTLAFME SLTIYGLVIA LVLLFANPFA 81 
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Fig. 4. Heterologous expression of proteolipids from A woodii in £ coK. Plasmids were transformed in E. coli DK6, proteins were 
expressed in the presence of PS] methionine, and membranes and cytoplasm were separated and subjected to SDS-PAGE and autoradiography. 
Lane 1, pBluescript SK, cell free extract; lane 2, p8Luescri.pt SK, membranes; lane 3, pBluescript SIC, cytoplasm; lane 4, pHSG399, cytoplasm; lane 
5, pHSG399, membranes; lane 6, pHSG399, ceil free extract; lane 7, pSR7v (atpE l + atpE 2 + atpE 3 ), cytoplasm; lane 8, pSR7v, membranes; lane 
9, pSR7v, cell free extract; lane 10, pSRclv (atpEj), cell free extract; lane 11, pSRclv, membranes; lane 12, pSRclv, cytoplasm; lane 13 t pSRcIvX 
{atpE 1 -f linker), cell free extract,; lane 14, pSRclvX, membranes; lane 75, pSRclvX, cytoplasm. 



Table III 

Gene-polypeptide correspondence of the Na* -F jF Q 'ATPase of A. woodii 




Gene products and ATPaso 
subunits" 



N-ierminal sequences'" 



■ AtpE: 



Fig. 5. Immunological detection of the duplicated proteolipid, 
AtpEp in A woodii. Cells were grown to late exponential growth 
phase and harvested by centrifugation. Cytoplasm and membranes 
were separated by centrifugation, and proteins were separated by SDS- 
PAGE, transferred to nitrocellulose, and probed with the anti-AtpEl* 
antibody. The silver-stained gel is shown in panel A and the immuno- 
blot in panel B. Lane 7, membranes; lane 2, cytoplasm. Molecular 
masses are indicated. 

homologs in A woodii, and the overall genetic organization in 
the operons is the same. However, only six polypeptides were 
previously found in the purified enzyme (7). From the biochem- 
ically derived N-terniinal sequences of the polypeptides and the 
deduced sequences, it is now possible to clearly establish the 
gene-polypeptide correspondence of the purified Na + -ATPase 
from A woodii (Table HI). From this comparison, it is obvious 
that previous enzyme preparations lacked the duplicated pro- 
teolipid (AtpE x ) as well as subunit a (AtpB) and subunit b 
(AtpF). The same was observed in M. thermoacetica and 
Moorella tkermoautotrophica. Although the encoding genes 
were present in the atp operon from M. thermoacetica, subunit 
a and subunit b were not found in purified enzymes (13, 14). 
Furthermore, antisera against synthetic polypeptides derived 
from the sequences of subunit a and b ofM. thermoacetica did 
not cross-react with cell free extract of the same organism (13). 
Since atpB and atpF were transcribed, it was concluded that 
the messages are not translated in M. thermoacetica. Whether 
this is also true for A. woodii or whether the subunits a and b 



AtpA (subunit a) 


M 


N 


L 


R 


P 


£ 


E I 




57-kDa subunit 




N 


L 




P 


E 


E I 




AtpD fsubunit 


M 


A 


Q 


N 


I 


G 


K V 


V 


52-kDa subunit 




? 


Q 


N 


I 


? 


K V 


V 


AtpG (subunit y) 


M 


A 


E 


N 


V 


Q 


D I 


K 


35-kDa subunit 




(A) 




N 


V 


Q 


D (I) 


(K) 


AtpH (subunit 8) 


M 


S 


L 


V 


A 


S 


K Y 


A 


19-kDa subunit 




? 


L 


V 


A 


S 


K Y 


A 


AtpC (subunit e.) 


M 




S 


T 


F 


R 


It K 


T 


16-kDa subunit 
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a The sequences deduced from the DNA sequences are shown above 
the experimentally derived N-termini of the polypeptides found in the 
purified enzyme. The subunits a, 6, and c r as well as Atpl were not 
detected in the purified enzyme. 

* ?, no unequivocal signal was obtained; (, ), other amino acids were 
detected in minor amounts; — , no amino acid was detected. 

c The molecular mass of AtpE^ was previously determined by SDS- 
PAGE to be 4.8 kDa (7) but was probably underestimated in the gel 
system used. 



were simply lost during the purification procedure remains to 
be determined. The subunit composition of the enzyme from A 
woodii is currently under reinvestigation. 

One of the most striking and unique features of the atp 
operon of A. woodii is the presence of multiple copies of prote- 
olipid-encoding genes. Multiplication of proteolipid-en coding 
genes have been found before only in V^-ATPases from Ea- 
carya (38-40) and AxAo-ATPases from archaea (41). What 
could be the selective pressure for multiplication of proteolipid- 
encoding genes? One has to keep in mind that the subunits of 
the ATPase are present in different amounts (aibaC^Saa-y/Jge), 
and the proteolipid (subunit c) has by far the highest copy 
number in the complex. Most of our knowledge concerning the 
regulation of the synthesis of the proteolipid is derived from the 
paradigm E. coli. There, the proteolipid-en coding gene is part 
of a polycistronic message, and enhanced synthesis of the 
polypeptide is achieved by enhancement of translation. In ad- 
dition, but to a lesser extent, regulation of the mRNA stability 
contributes to differential gene expression (42, 43). However, 
an enhancer could not be identified in any of the atpE genes of 
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A woodii. What other mechanisms could lead to the high copy 
number of the proteolipid? First, the proteolipid-encoding gene 
could be part of the polycistronic message but is transcribed, in 
addition, also separately from its own promoter. This is appar- 
ently encountered in the archaeon Methanosarcina mazei (44). 
Such a mechanism appears to be unlikely in A woodii, judged 
from the Northern blots presented here. Second, multiplication 
of the gene and embedding the copies into the operon would be 
another way to increase the proteolipid message. This strategy 
is apparently realized by A woodii. 

Another striking and unique feature is the finding in a 
ATPase operon of a gene encoding a duplicated proteolipid. 
This is without precedence in bacteria. Duplicated proteolipids 
were, for a long time, seen as an exclusive feature of eucaryal 
VjVo-ATPases (45). In archaea, duplication and triplication of 
proteolipid-encoding genes with subsequent fusion of the genes 
was described very recently (41, 46). With the experiments 
described here we add another argument, now derived from a 
bacterial species, that multiplied and fused proteolipid-encod- 
ing genes are not exclusively present in Eucarya, but also in the 
other domains of life. This does not necessarily argue against 
the commonly favored view of evolution of ATPases but could 
result from horizontal gene transfer which is very often under- 
estimated in natural systems. 

It remains to be established whether the duplicated proteo- 
lipid is assembled into the enzyme. This question is very crucial 
in view of the substitution of the membrane-buried carboxylate 
in hairpin 1 by a glutamine residue. However, it should be 
noted that the glutamine is capable to ligand Na* f , the physi- 
ological coupling ion in A woodii. The assembly and oligomeric 
structure of the proteolipid oligomer of A woodii is currently 
under investigation. 

Acknowledgment — We are indebted to Dr. G. Gottschalk, Gtittingen, 
Germany, for generous support 

REFERENCES 

1. Mailer, V. ( and Gottschalk, G. (1994) in Acetogenesis (Drake, H. L., ed), pp. 

127-156, Chapman & Hall, New York 

2. Heise, R., Miiller, V. t and Gottschalk, G. (1989) J. Bacterial. 171, 5473-5478 

3. Heise, R, Miiller, V., and Gottschalk, G. (1993) FEMS Microbiol Lett. 112, 

261-268 

4. Heise, R, Reidlinger, J., Miiller, V., and Gotfschalk, G. ( 1991) FEBS Lett. 295, 

119-122 

5. Heise, R., Miiller, V., and Gottschalk, G. (1992)£ar. J. Biochem. 206, 553-557 

6. Miiller, V., and Bowien, S. (1995) Arch. Microbiol. 164, 363-369 

7. Reidlinger, J., and Miiller, V. (1994) Eur. J. Biochem. 223, 275-283 

8. Forster, A., Daniel, R, and Miiller, V. (1995) Biochim. Biophys. Acta 1229, 

393-397 

9. Reidlinger, J., Mayer, F., and Miiller, V. (1994) FEES I^ett. 356, 17-20 

10. Spruth, M., Reidlinger, J., and Miiller, V. (1995) Biochim. Biophys. Acta 1229, 

96-102 

11. Rahlfe. S., and Mailer, V. (1997) FEBS Lett. 404, 269-271 



12. Dimroth, P. (1997) Biochim. Biophys. Acta 1318, 11-51 

13. Das, A., and I^ungdahl, L. G. (1997) J. Bacteriol. 179, 3746-3755 

14. Das, A., Ivey, D. M., and Ijungdahl, L. G. (1997) J. Bacteriol. 179, 1714-1720 

15. Clarke, D. J., Fuller, F. M., and Morris, J. G. (1979) Eur. J. Biochem. 98, 

597-612 

16. Futai, M., Park, M. Y., Iwamoto, A., Omote, H., and Maeda, M. ( 1994) Biochim. 

Biophys. Acta 1187, 165-170 

17. Tschech, A., and Pfennig, N. (1984) ArcA. Microbiol. 137, 163-167 

18. Hanahan, D. (1983) J. Mot Biol. 166, 557-580 

19. Klionsky, D. J., William, S. A., Bnisilow, A., and Simoni, R D. (1984) J. 

BacterioL 160, 1055-1060 

20. Chang, A. C., and Cohen, S. N. (1978) J. Bacteriol. 134, 1141-1156 

21. Takeshita, S., Sato, M., Toba, M., Masahashi, W., and Hashimoto-Gotoh, T. 

(1987) Gene (Amst.) 61, 63-74 

22. Mannur, J. (1961) J. Mol. Biol. 3, 208-218 

23. Sambrook, J. f Pritsch, R P., and Maniatis, T. (1989) Molecular Cloning: A 

Laboratory Manual, Cold Spring Harbor Laboratory Press, Cold Spring 
Harbor, NY 

24. Sanger, F. S„ Nickelen, F., and Coulson, A. R. (1977) Proc. Natl. Acad. Sci. 

U. S. A 74, 5463-5467 

25. Homma, M., Kutsukake, K, and lino, T. (1985) J. Bacteriol. 163, 464-471 

26. Schagger. H., and von Jagow, G. (1987) Anal Biochem. 166, 369-379 

27. Chamberlain, J. P. (1979) Anal Biochem. 98, 132-135 

28. Krumholz, L. R, Esser, U., and Simoni, R D. (1992) FEMS Microbiol. Lett. 91, 

37-41 

29. Walker, J. £., Saraste, M., and Gay, N. J. (1984) Biochim. Biophys. Acta 768, 

164-200 

30. Esser, U., Krumholz, L. R, and Simoni, R D. (1990) Nucleic Acids Res. 18, 

5887 

31. Kaim, G., Ludwig, W., Dimroth, P., and Schleifer, K. H. (1990) Nucleic Acids 

Res. 18, 6697 

32. Cain, B. D., and Simoni, R D. (1986) J. Biol. Chem. 261, 10043-10050 

33. Rahlfe, S., and Miiller, V. (1999) FEBS I*tL 453, 35-40 

34. Kaim, G., Uidwig, W., Dimroth, P., and Schleifer, K. H. (1992) Eur. J. 

Biochem. 207, 463-470 

35. Fillingame, R. H., Jones, P. C, Jiang, W., Valiyaveetil, F. I., and Dmitriev, 

O. Y. (1998) Biochim. Biophys. Acta 1365, 135-142 

36. Deckers-Hebestreit, G., and Altendorf, K. (1996) Annu. Rev. Microbiol 50, 

791-824 

37. Futai, M., Noumi, T., and Maeda, M. (1989) Annu. Rev. Biochem. 58, 111-136 

38. Hirata, R, Graham, L. A., Takateuki, A., Stevens, T. H., and Anraku, Y. ( 1997) 

J. Biol. Chem. 272, 4795-4803 

39. Oka, T., Yamamoto, R., and Futai, M. (1997) J. Biol. Chem. 272, 24387-24392 

40. Oka, T., Yamamoto, R, and Futai, M. (1998) J. Biol Chem. 273, 22570-22576 

41. Miiller, V., Ruppert. C, and Lemker, T. (1999) J. Bioencrg. Biomembr. 31, 

15-27 

42. McCarthy, J. E., Schairer, H. U., and Sebald, W. (1985) EMBO J. 4, 519-526 

43. McCarthy, J. E. (1990) Mol. Microbiol. 4, 1233-1240 

44. Ruppert, C, Wimmers, S., Lemker, T., and Miiller, V. (1998) J. Bacteriol 180, 

3448-3452 

45. Nelson, N., and Taiz, L. (1989) Trends Biochem. Sci. 14, 113-116 

46. Ruppert, C., Kavermann, H., Wimmers, S., Schmid, R., Kellermann, J., 

Lotispeich, F., Huber, H., Stetter, K O., and Miiller, V. (1999) J. Biol. 
Chem. 274, 25281-25284 

47. Ludwig, W. ( Kaim, G., Laubinger, W., Dimroth, P., Hoppe, J., and Schleifer, 

K. H. (1990) Eur. J. Biochem. 193, 395-399 

48. Kakinuma, Y., Kakinuma, S., Takase, K, Konishi, K, lgaraahi, K., and 

Yamato, I. (1993) Biochem. Biophys. Res. Commun. 195, 1063-1069 

49. Krumholz, L. R M Esser, U M and Simoni, R D. (1989) Nucleic Acids Res. 17, 

7993-7994 

50. Ohta, S., Yohda, M., Ishizuka, M., Hirata, H., Haniamato, T., Otawara- 

Hamamoto, Y., Matsuda, K., and Kagawa, Y. ( 1988)ih'ocAim. Biophys. Acta 
933, 141-155 

51. Brusilow, W. S., Scarpetta, M. A., Hawthorne, C. A., and Clark, W. P. (1989) 

J. Biol. Chem. 264, 1528-1533 

52. Lill, It, and Nelson, N. (1991) Plant Mol Biol. 17, 641-652 



The Plant Journal (1999) 17(1), 31-40 



Phylogenetic transfer of organelle genes to the nucleus can 
lead to new mechanisms of protein integration into 
membranes 



Doris Mich I, Ivan Karnauchov, Jurgen Berghofer, 
Reinhold G. Herrmann and Ralf Bernd Klosgen* 

Botanisches institut der Ludwig-Maximilians-UniversitM, 
Menzinger StraRe 67, D-80638 MQnchen, Germany 



Summary 

Subunits CFo-l and CFo-ll of ATP synthase in chloroplast 
thylakoid membranes are two structurally and functionally 
closely related proteins of bitopic membrane topology 
which evolved from a common ancestral gene. In higher 
plants, CFo-l still originates in plastid chromosomes (gene: 
atpf), while the gene for CFo-ll iatpG) was phylogenetically 
transferred to the nucleus. This gene transfer was accom- 
panied by the reorganization of the topogenic signals and 
the mechanism of membrane insertion. CFo-l is capable 
of integrating correctly as the mature protein into the 
thylakoid membrane, whereas membrane insertion of 
CFo-ll strictly depends on a hydrophobic targeting signal 
in the transit peptide. This requirement is caused by three 
negatively charged residues at the N-terminus of mature 
CFo-ll which are lacking from CFo-l and which have appar- 
ently been added to the protein only after gene transfer 
has occurred. Accordingly, the CFo-ll transit peptide is 
structurally and functionally equivalent to typical bipartite 
transit peptides, capable of also translocating hydrophilic 
lumenal proteins across the thylakoid membrane. In this 
case, transport takes place by the Sec-dependent pathway, 
despite the fact that membrane integration of CFo-ll is a 
Sec-independent, and presumably spontaneous, process. 

Introduction 

Eukaryotic cells are the result of endocytobioses. They 
originated in conglomerates of cells, two in animals and 
up to five in plants, which arose through the incorporation 
of bacterial or, in the case of plastids, also of unicellular 
eukaryotic cells into a host organism {Kowallik, 1997; 
Martin and Muller, 1998). The integration of the endosym- 
bionts with their respiratory or photosynthetic potential 
was accompanied by a massive restructuring of the genetic 
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information within that cell, including loss, gain and trans- 
fer of genes which led to an integrated compartmentalized 
genetic system represented by nucleus/cytosol, mitochon- 
dria and, in plants, plastids. Recent data suggest that these 
genome rearrangements were substantially more complex 
than generally assumed (Martin and Schnarrenberger, 
1997). It becomes more and more evident that the bio- 
genesis and evolution of the eukaryotic cell and its organ- 
elles cannot be understood without knowledge of the 
history of that cell (summarized in Herrmann, 1997). Gene 
translocation which took place preferentially, although not 
exclusively, from the endocytobiont to the nucleus caused 
the chimeric genetic origin of central organelle structures 
and required the establishment of novel, intercompartmen- 
tal regulatory circuitries. An intracellular transfer of genes 
was inherently accompanied by the acquisition of new 
regulatory sequences for expression and information for 
product targeting. While the regulation of promoter activity 
of such nuclear genes or the mechanism of (re)import of 
proteins into the respective target organelles have been 
extensively studied, the consequences of intracellular gene 
rearrangement on the later processes in the biogenesis of 
organelle structure, such as the assembly of the supramole- 
cular protein complexes of the respiratory and photosyn- 
thetic membranes, have barely been examined thus far. 

The comparison of phylogenetically closely related pro- 
teins that are functional within the same structure but are 
encoded by different cellular subgenomes provides an 
appropriate strategy to study this fundamental question in 
cell biology. The plastid-encoded subunit I or b (gene: atpf) 
and the nuclear encoded subunit II or b' (atpG) of the 
CFo-assembly of chloroplast ATP synthase, which are 
derived from the duplication of a common progenitor 
gene (Hennig and Herrmann, 1986; Herrmann etai, 1993), 
represent a unique example. To date, they are the only 
pair known of the various gene duplications from plastids 
whose members reside in different cellular subgenomes, 
at least in the chlorophyll a/to-lineage of plants. In red 
algae, glaucocystophytae and secondary plastids, both 
genes still reside in the plastid chromosomes of these 
organisms (Kowallik, 1997). The gene duplication has 
already occurred at the level of photosynthetic prokaryotes 
because all ATP synthases involved in photosynthetic 
processes contain these b-subunit homologs in a b/b'- 
stoichiometry, in contrast to the 2b-stoichiometry found in 
the corresponding respiratory enzymes (e.g. Cozens and 
Walker, 1987; Herrmann etai, 1993; Walker etai, 1984). 
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Rgure 1. (a) Hydropathy analysis of CFo-l and CFo-ll from spinach according 
to Kyte and Doolittle (1982) using an average moving interval of 19 residues. 
The dotted line indicates the beginning of the mature polypeptides. The 
transmembrane segments found close to the N-termini of the mature 
proteins are designated th). 

(b) Alignment of the amino acid sequences, given in the one letter code, 
of CFo-l and CFo-ll according to the algorithm described by Lipman and 
Pearson (1985). Identical amino acids are marked by a dash, conservative 
replacements by a colon. The arrow indicates the terminal processing sites 
in both polypeptide sequences. 

In spinach, CFo-l and CFo-ll are bitopic proteins of 167 
and 147 residues, respectively, which span the lipid bilayer 
once with a single hydrophobic segment close to the 
N-terminus. This results in a topology with a short lumenal 
N-terminal and a long C-terminal segment that protrudes 
into the stroma. The two proteins are assumed to co- 
operate in proton conduction across the membrane and in 
anchoring the CF1 assembly (Berzborn etal., 1990). 
CFo-l and CFo-ll display only moderate homology 
(approximately 25% amino acid identity, Figure 1), as do 
b- and b'-subunits in general (Cozens and Walker, 1987; 
Herrmann etal., 1993). In spinach, both polypeptides are 
synthesized with N-terminal extensions which are not 
found in the native proteins. The 75 N-terminal residues 
of the CFo-ll precursor provide the transit peptide for 
import of the cytosolically synthesized polypeptide into the 
chloroplast (Herrmann etaL, 1993), whereas the function of 
the only 17 transitory amino acid residues of CFo-l (Bird 
etal., 1985) is unclear. 

CFo-ll was shown to integrate independently of any 
known targeting machinery as a precursor molecule into 
the thylakoid membrane, i.e. it does not depend on stromal 
factors, nucleoside triphosphates or a transthylakoidal ApH 
for insertion. It is processed in a single step by a thylakoidal 



processing activity (Michl etal., 1994) that is located with 
its catalytic domain on the lumenal face of the thylakoid 
membrane {Kirwin etal., 1988). CFo-ll can even insert into 
mildly protease-treated thylakoid membranes which strictly 
abolishes the other protein transport routes at the thylakoid 
membrane (see below), suggesting that a proteinaceous 
receptor or translocase is not required for integration 
of this protein (Robinson etal., 1996). This presumably 
spontaneous membrane integration appears to be the 
principal mechanism for bitopic thylakoid proteins, at least 
for the nuclear encoded ones, because it was recently 
demonstrated also for PsbW and PsbX, two subunits of 
photosystem II which possess a membrane topology 
resembling that of CFo-ll (Kim etaL, 1996, 1998; Lorkovic 
etal., 1995). In contrast, integration of LHCP, the polytopic 
apoprotein of the light-harvesting apparatus associated 
with photosystem II, requires GTP, a stromal homolog to 
the 54 kDa subunit of the signal recognition particle, and 
protease-sensitive component(s) in or at the thylakoid 
membrane (Li era/., 1995; Robinson etal., 1996). 

In addition to these two membrane integration mechan- 
isms, two further protein transport pathways have been 
characterized which are predominantly involved in the 
translocation of hydrophilic proteins across the thylakoid 
membrane. Each of them is specific for a distinct subset of 
thylakoid proteins and operates with a different mechanism 
(summarized in Klosgen, 1997). The Sec-dependent path- 
way requires the presence of ATP and SecA protein in the 
stroma and is thus homologous to the major pathway for 
protein secretion into the periplasmic space of E. coli 
(Pugsley, 1993). In contrast, the ApH-dependent pathway 
is independent from stromal components but depends on 
the transthylakoidal proton gradient Both pathways are 
generally engaged by cleavable thylakoid transfer domains 
of similar, signal peptide-like structure (von Heijne etal., 
1989). Pathway specificity is mediated by a twin-arginine 
motif upstream and a Sec-avoidance signal downstream 
of the hydrophobic core segment in the ApH-specific 
transport signals (Bogsch etal., 1997; Chaddock etal., 
1995). 

In contrast to a wealth of detailed studies on thylakoid 
transport of nuclear encoded proteins, thylakoid targeting 
of plastid-encoded polypeptides has barely been examined. 
Cytochrome f from the thylakoidal cytochrome-complex 
was shown to be probably targeted by the Sec-dependent 
pathway (Mould et al., 1997; Zak etal., 1997) and there are 
also indications for Sec-dependent thylakoid transport of 
cytochrome be and subunit IV from this complex (Zak 
etal., 1997). The sorting mechanism of the other thylakoid 
proteins has remained elusive. The well-characterized 
integration pathway of CFo-ll, its close phylogenetic rela- 
tionship to plastid-encoded CFo-l, and their favorably 
simple topologies has prompted us to compare the target- 
ing, integration and assembly characteristics of this interes- 
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ting pair of twin proteins in order to obtain insight into the 
consequences of intracellular gene transfer on the late 
stages of the biogenesis of membrane proteins. 



Results 

Subunits CFo-l and CFo~ll of ATP synthase are correctly 
targeted by the transit peptide of CFo-ll 

A prerequisite for the comparative analysis of integration 
and assembly of nuclear and plastid-encoded proteins are 
appropriate assays which are suitable for both protein 
classes. In organeilo assays in which radiolabeled pre- 
cursor proteins synthesized in vitro are incubated with 
isolated intact chloroplasts were chosen as strategy 
because this approach has successfully been applied not 
only to nuclear encoded proteins but recently also to 
plastid-encoded polypeptides, and even to a cyanobacterial 
protein, CtpA {Karnauchov etal., 1997; Mould etal., 1997; 
Zak etal, 1997). 

In order to examine the suitability of the in organeilo 
approach for the analysis of CFo-l, a chimeric precursor 
protein consisting of mature CFo-l and the transit peptide 
of CFo-ll was generated. When incubated with isolated 
chloroplasts, the resulting polypeptide, designated CFo-ll/ 
CFo-l, is imported into the organelle with an efficiency 
similar to that of the authentic CFo-ll precursor (CFo-ll/CFo- 
II; Figure 2). Intraorganellar routing is correct in both 
instances because the two proteins integrate into the 
thylakoid membrane in a way that is indistinguishable from 
the respective authentic ATP synthase subunits (Westhoff 
etal., 1985). Their apparent molecular masses, 19 kDa for 
CFo-l and 17 kDa for CFo-ll, as judged from electrophoretic 
mobilities in various gel systems, indicate that the transit 
peptide is correctly removed in both instances. Protease 
treatment of thylakoids that were isolated from chloroplasts 
after import shows that both CFo-l and CFo-ll are sensitive 
to proteolysis yielding specific degradation products of 
3.0 kDa and 3.5 kDa, respectively (Figure 2). These sizes 
coincide with those expected for the N-terminal, lumenal 
parts plus the respective transmembrane segments 
(Figure 1) and are thus consistent with the topology pre- 
dicted for the two proteins. Generally, some residual 
mature protein is still found after the protease reaction 
(Figure 2 and data not shown) which indicates that proteo- 
lytic degradation takes place with delayed kinetics. Presum- 
ably, some initially still attached CF1 shields the CFo- 
subunits. This assumption is further supported by the 
observation that the imported proteins co-migrate with the 
native ATP synthase complex on non-denaturing protein 
gels (data not shown). Collectively, these findings strongly 
suggest that the CFo-l and CFo-ll proteins are correctly 
assembled after import into isolated organelles. 

© Blackwell Science Ltd, The Plant Journal, (1999), 17, 31-40 
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Figure 2. In organeilo import of the authentic CFo-ll precursor (CFo-l l/CFo- 
II) and the chimeric CFo-II/CFo-l polypeptide. 

In vitro translation products were incubated with intact chloroplasts isolated 
from spinach. The chloroplasts were then treated with protease, re-isolated 
and fractionated into stroma (lanes s) and thylakoids which were 
subsequently either treated with thermolysin (lanes +) or mock-treated 
(lanes Stoichiometric amounts of each chloroplast fraction, 
corresponding to 25 ng chlorophyll, were loaded onto a 10-19% SDS- 
potyacrylamide gradient gel and visualized by fluorography. In lanes I, 
0.5 \l\ of the in vitro translation assay was loaded. The positions of the 
precursor and mature polypeptides are indicated by open and closed 
arrowheads, respectively. The asterisks mark specific degradation products 
obtained after protease treatment of the thylakoid membranes. 



CFo-ll depends on bipartite transit peptides for its 
integration into the thylakoid membrane 

The contribution of the mature part of a thylakoid protein 
to the targeting process within the chloroplast can be 
assessed from its behaviour in combination with mere 
chloroplast import signals, i.e. transit peptides lacking 
thylakoid-targeting properties. Representative examples of 
such stro ma-targeting transport signals are the transit 
peptides from the small subunit of ribulose-1,5-bisphosph- 
ate carboxylase/oxygenase (SSU) and ferredoxin-NADP + - 
oxidoreductase (FNR) (Bartling etal., 1990; Clausmeyer 
etal., 1993; Van den Broeck etal., 1985). When fused to 
mature CFo-ll, neither of the two transit peptides turned 
out to be sufficient for correct targeting of the protein. 
They either mis route the protein into the stroma (FNR/CFo- 
II) or are even import-incompetent (SSU/CFo-ll; Figure 3a). 
Furthermore, FNR/CFo-ll is apparently not, or not correctly, 
processed by the stromal processing peptidase (see also 
Clausmeyer etal., 1993). The predominant product accu- 



34 Doris Mich I et a\. 




Figure 3. In organelle) import of chimeric 
precursors composed of mature CFo-ll fused 
to (a) stroma-targeting transit peptides, (b) 
stroma-targeting transit peptides carrying 
additionally the 22 C-terminal residues of the 
CFo-ll transit peptide, or (c) bipartite, 
thylakoid-targeting transit peptides. 
In organello import of the authentic CFo-11- 
precursor is shown for comparison (a). For 
further details see the legend to Figure 2. 



mulating in the stroma after import is slightly larger than 
mature CFo-ll, and two further cleavage products observed 
migrate with an even lower electrophoretic mobility on 
denaturing protein gels (Figure 3a). None of these polypep- 
tides is associated with thethylakoid membrane indicating 
that in spite of the hydrophobic segment at its N-terminus 
(Figure 1), mature CFo-ll perse is not capable of interacting 
with the membrane. 

Such interaction depends on the presence of an addi- 
tional, hydrophobic targeting signal which, for example, 
can be provided by the C-terminal part of the CFo-ll transit 
peptide. If residues 54-75 of this transit peptide are inserted 
between either of the two stroma-targeting transit peptides 
and mature CFo-ll, the resulting chimeras (designated 
SSU+h/CFo-ll and FNR+h/CFo-ll) are not only imported 
into chloroplasts but are also properly integrated into 
the thylakoid membrane and processed to mature CFo-ll 
(Figure 3b). This result strongly suggests that the C-terminal 
segment of the CFo-ll transit peptide, which structurally 
resembles thylakoid transfer domains from bipartite transit 
peptides (Figure 1; von Heijne era/., 1989), contains target- 
ing information that is both indispensable and sufficient 
for membrane insertion of the protein. This signal is not 
restricted to the CFo-ll transit peptide but can likewise be 
provided by the corresponding epitopes of bipartite transit 
peptides from hydrophilic lumen proteins such as plasto- 
cyanin or the 33 kDa subunitofthe oxygen-evolving system 
(Figure 3c). 

Thylakoid integration of CFo-l does not depend on a 
cleavable transport signal 

Membrane integration of CFo-l operates with a different 
mechanism. When fused to stroma-targeting transit pep- 
tides, CFo-l is not only imported into isolated chloroplasts, 
it also accumulates quantitatively in the thylakoid fraction 
(Figure 4a). The appearance of the diagnostic 3.0 kDa 
degradation product after protease treatment of the 
thylakoids strongly suggests that the protein was properly 
assembled into the ATP synthase complex. This indicates 
that, in contrast to its nuclear encoded sister protein, 
CFo-l is capable of integrating as the mature polypeptide 



into thethylakoid membrane, independent of any transient 
targeting signal. 

On the other hand, the presence of an additional 
thylakoid-targeting signal does not impair thylakoid inte- 
gration of CFo-l. A chimeric protein in which mature CFo-l 
was combined with the bipartite plastocyanin transit pep- 
tide is correctly targeted to and inserted into the thylakoid 
membrane (Figure 4b). Although PC/CFo-l accumulates 
predominantly as a processing intermediate (Figure 4b), 
indicating that terminal processing is delayed or even 
abolished in this case, assembly of the protein into ATP 
synthase is apparently not affected by the residual part of 
the transit peptide. The CFo-l degradation product observed 
after protease treatment of the thylakoids exceeds 3 kDa 
in this instance (Figure 4b), probably due to the residual 
amino acids from the plastocyanin transit peptide at the 
N-terminus of the protein. 

Likewise, CFo-l can also correctly integrate into the 
thylakoid membrane if the N-terminal 17 residues of the 
primary CFo-l translation product which had been omitted 
from the constructs described above are present. In com- 
bination with both stroma-targeting and bipartite transit 
peptides the protein was targeted to the thylakoids where 
it integrated correctly into the membrane (data not shown). 
This indicates that the 17 transitory residues of the CFo-l 
translation product (Bird era/., 1985) are both dispensible 
for and compatible with targeting and integration of 
CFo-l, at least if these processes are performed in a post- 
translational manner. 

Negative charges at the N-terminus of mature CFo-ll 
cause the requirement for a hydrophobic transport signal 

In order to determine the basis for the different integration 
mechanisms of CFo-l and CFo-ll, hybrid forms of the two 
mature proteins were analyzed. In hybrid HICFo-ll, the 
N-terminal 41 residues of CFo-l comprising the membrane 
anchor and the lumenal part of the protein were combined 
with the stroma-exposed C-terminal part of CFo-ll (residues 
46-147; Figure 1). Hybrid H2CFo-l represents the reciprocal 
combination (residues 1-44 from CFo-ll combined with 
residues 43-167 from CFo-l). 
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Figure 4. In organello import of chimeric precursors consisting of (a) stroma- 
targeting or (b) bipartite, thylakoid-targeting transit peptides that were 
fused to mature CFo-l. 

The position of the polypeptide of intermediate size found after import of 
PC/CFo-l is indicated by All further details are explained in the legend 
to Figure 2. 

When fused to the stro ma-targeting transit peptide of 
FNR, both polypeptides {designated FNR/H1CFo-ll and FNR/ 
H2CFo-l, respectively) are imported with comparable 
efficiency into isolated chloroplasts. However, they 
accumulate in different regions of the organelle. While 
FNR/HICFo-ll is integrated into the thylakoid membrane, 
FNR/H2CFo-l remains soluble in the stroma (Figure 5). 
Obviously, the intraorganellar routing of each hybrid corre- 
sponds to that CFo su burnt from which the N-terminal 
segment was derived. This indicates that the lumenal 



FNR/H2CFOH | FNR/H1CF6-H 




Figure 5. In organello import of the chimeric precursor polypeptides FNR/ 

H2CFo-l and FNR/HlCFo-IL 

For details, see the legend of Figure 2. 

residues anrj/orthe membrane anchors dictate the mechan- 
ism of membrane integration for these polypeptides, while 
their C-terminal, stroma-exposed parts exert no, or no 
significant impact on this process. 

Comparison of the respective N-terminal segments 
reveals a relatively high degree of sequence conservation 
{Figure 1). However, the very N-termini of CFo-l and 
CFo-ll are strikingly different. CFo-ll possesses five addi- 
tional residues of which four are charged (Glu at positions 
1, 2 and 4, and Lys at position 5) resulting in a negatively 
charged N-terminus for CFo-ll. In CFo-l, the N-terminal 
residues are neutral (Figure 1). In order to examine a 
possible influence of these charges on the mode of integra- 
tion, the N-terminus of mature CFo-ll was modified in two 
ways. In mutant DEL, residues 1-5 were deleted from 
mature CFo-ll yielding an N-terminally truncated polypep- 
tide, while in mutant SUB the three glutamic acid residues 
were replaced by either asparagine (pos. 1) or glutamine 
{pos. 2 and 4). Thus, in the latter polypeptide the N-terminal 
negative charges were removed without altering the num- 
ber of residues translocated across the membrane. 

The mutant polypeptides were combined with the transit 
peptides from SSU, FNR and CFo-ll and analyzed in in 
organello experiments. It turned out that all chimeras are 
imported into the chloroplast {Figure 6). In other words, 
both mutations cure the import incompetence observed 
for SSU/CFo-ll (Figure 3a). However, the polypeptides accu- 
mulate only at relatively low rates within the organelle 
(even those carrying the authentic CFo-ll transit peptide) 
indicating a reduced import efficiency and/or increased 
degradation rate of the mutant polypeptides. Furthermore, 
the mutations appear to affect the cleavage of the precursor 
polypeptides by the chloroplastic processing enzymes, 
since in some instances the precursor protein (CFoll/DEL, 
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Rgure 6. /n organello import of the CFo-ll derivatives DEL and SUB in 
combination with different transit peptides. 

The positions of the correct cleavage products are indicated by closed 
arrowheads. All further details are explained in the legend to Figure 2. 

FNR/SUB) and/or aberrant cleavage products {FNR/DEL, 
FNR/SUB, SSU/SUB) were found in addition to the proper 
processing products (Figure 6). 

The most striking result of this experiment is, however, 
that both mutant CFo-ll derivatives are capable of integrat- 
ing into the thylakoid membrane independent of a hydro- 
phobic targeting signal in the transit peptide (Figure 6). In 
each instance, the imported protein is predominantly found 
in the thylakoid fraction, irrespective of whether the transit 
peptide present carries a thylakoid-targeting signal 
(CFo-ll) or not (SSU, FNR), This result strongly suggests 
that the negative charges at the N-terminus of CFo-ll which 
are lacking in both mutants prevent the interaction of the 
protein with the thylakoid membrane and, consequently, its 
integration. The membrane-repelling effect of this cluster of 
charges can apparently only be revoked by two flanking 
hydrophobic domains, in line with the model proposed for 
the mechanism of CFo-ll integration (Michl etai, 1994). 

The transit peptide of the CFo-ll precursor protein is 
capable of operating as a Sec-type thylakoid 
translocation signal 

The requirements delineated for the correct intraorganellar 
routing of CFo-ll indicate that its transit peptide possesses 
features reminiscent of bipartite thylakoid-targeting transit 
peptides. Indeed, in organello import of the chimera 
CFo-ll/PC, which consists of the CFo-ll transit peptide fused 



Rgure 7. In organello import of CFo-ll/PC, a chimeric precursor consisting 
of the transit peptide of CFo-ll and the mature part of plastocyanin, into 
chloroplasts isolated from pea. 

As indicated above the lanes, the import reactions were performed either 
under standard conditions (control), in the presence of translocation 
inhibitors (10 mM sodium azide or 2 uw nigericin), or in the presence of 
3 um competitor protein (the precursor proteins of the 23 kDa or the 33 kDa 
subunit of the oxygen-evolving system, respectively). For further details 
see the legend to Figure 2. 



to mature plastocyanin, shows that this transit peptide is 
capable of mediating transport of a hydrophilic protein 
into the thylakoid lumen (Figure 7). Since plastocyanin 
strictly depends on thylakoid-targeting domains of transit 
peptides for its correct intraorganellar routing (Clausmeyer 
etai, 1993; Smeekens era/., 1986), this result proves that 
the CFo-ll transit peptide is functionally equivalent to the 
bipartite transit peptides of hydrophilic thylakoid proteins. 

Thylakoid transport of CFo-ll/PC apparently takes place 
by the Sec-dependent pathway, in spite of the fact that the 
authentic CFo-ll precursor integrates in a Sec-independent 
manner into the membrane (Michl etai, 1994). Transloca- 
tion of the chimera into the thylakoid lumen is substantially 
affected by saturating amounts of the precursor of the 
33 kDa subunit from the oxygen-evolving system (Figure 7) 
which is a specific substrate for the Sec-machinery in 
chloroplasts (Hulford ef al., 1994; Yuan etai, 1994). Unfor- 
tunately, this effect is covered to some extent by the strong 
inhibitory effect of the competitor protein on import of 
CFo-ll/PC into the organelle which leads to overall reduced 
signal strengths. However, it is obvious that the ratio of 
precursor protein accumulating in the stroma and mature 
polypeptide in the thylakoid lumen is largely increased in 
the presence of the Sec-specific competitor, indicating 
transport of CFo-ll/PC by the Sec-dependent pathway. In 
contrast, saturation of the ApH-dependent route by excess 
amounts of the precursor of the 23 kDa protein from the 
oxygen-evolving system reduces the rate of organelle 
import for CFo-ll/PC as well, but does not affect the sub- 
sequent thylakoid translocation step to a significant degree. 

In line with that, the transport process is sensitive to 
sodium azide, a potent inhibitor of SecA function in bacteria 
(Oliver etai., 1990) that was recently shown to also inhibit 
Sec-dependent protein transport in chloroplasts (Knott and 
Robinson, 1994; Yuan etai., 1994). Furthermore, membrane 
transport of CFo-ll/PC depends on the transthylakoidal 
proton gradient since it is strongly inhibited in the presence 
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of the ionophore nigericin {Figure 7), Although remarkably 
pronounced here, the requirement for ApH is not unusual 
for protein transport along the Sec-pathway since it has 
also been described for other Sec-dependent substrates, 
such as, for example, the 33 kDa subunit of the oxygen- 
evolving system (Mant etal., 1995; Yuan and Cline, 1994). 

Discussion 

The primary goal of the outlined work was to study the 
consequences of phylogenetic gene transfer between cellu- 
lar subgenomes on late stages of the biogenesis of the 
corresponding proteins. For this purpose, the two phylo- 
genetically and structurally closely related subunits CFo-l 
and CFo-ll of thylakoidal ATP synthase which are encoded 
in the plastid and the nucleus of higher plant cells, respect- 
ively, were compared with respect to the mechanism of 
their thylakoid transport and assembly. 

CFo-l and CFo-ll integrate with different mechanisms into 
the thylakoid membrane 

The most striking finding of this study is that CFo-l and 
CFo-ll integrate with fundamentally different mechanisms 
into thylakoids, despite the fact that after assembly both 
proteins reside with similar topology in the membrane. In 
CFo-l, the membrane integration signals reside in the 
mature protein {Figure 4a), notably in the N-terminal seg- 
ment carrying the membrane anchor that consequently 
houses two signals, for targeting and anchoring (Figure 5). 
In contrast, mature CFo-ll is not capable of integrating 
into the thylakoid membrane on its own; it is completely 
dependent on the presence of an additional hydrophobic 
transport signal in the transit peptide (Figure 3). Thus, in 
CFo-ll the membrane transport signals extend into both 
parts of the precursor molecule, the transit peptide and 
the mature protein, which probably act in a co-operative 
manner during the integration process {Michl etal., 1994). 
This implies that the phylogenetic transfer of atpG into the 
nucleus has caused a change both in thylakoid-targeting 
signals and integration mechanism. 

A priori, such a change is not an obligatory consequence 
of the gene transfer because plastid-encoded CFo-l can 
still properly integrate and assemble if it is artificially 
imported into the chloroplast by transit peptides lacking 
thylakoid-targeting properties (Figure 4a). It should be 
considered, however, that the experiments presented here 
were performed with isolated organelles which excludes 
any interaction of the protein with non-target cellular 
membranes. In an intact plant cell, however, such mistar- 
geting of the CFo-l chimeras might well occur which would 
reduce the rate of correctly targeted protein even if the 
actual thylakoid-integration process was not hampered. It 
is conceivable, therefore, that the change in the mechanism 
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of CFo-ll integration was primarily necessary to minimize 
the rate of non-specific membrane interactions rather than 
to improve the efficiency of membrane insertion. 

The cause for the dependance of CFo-ll integration on a 
hydrophobic transport signal in the transit peptide is the 
presence of three negatively charged residues in the 
N-terminal region of the mature protein (Figure 6). The 
function of these residues is unknown, but it is interesting 
to note that they are lacking in subunit Fo-b' of Synecho- 
cystis PCC 6803, the cya no bacteria I homolog to CFo-ll 
(Lill and Nelson, 1991). Accordingly, the cyanobacterial 
protein is not synthesized with a signal peptide which 
indicates that the N-terminal charges and the cleavable, 
hydrophobic transport signal have probably been intro- 
duced into the protein in a co-ordinated manner. The 
integration mode of the cyanobacterial protein is not yet 
known, but the similarity of b and b' subunits and the lack 
of a signal peptide suggest a mechanism similar to that of 
CFo-l. 

A remarkable similarity to the membrane integration 
mechanism of CFo-ll is found in the insertion mode 
described for the procoat of bacteriophage M 13. Integration 
of this protein into the bacterial membrane is a Sec- 
independent process which involves membrane transfer 
of a short, negatively charged segment located at the 
N-terminus of the mature polypeptide (Kuhn etaL, 1987). 
Membrane transport of this segment strictly depends on 
the presence of two flanking hydrophobic domains which 
are provided by the signal peptide and the transmembrane 
helix, respectively (Cao etal., 1994; Kuhn etal., 1986). In 
analogy to CFo-ll, substitution of these charges allows 
procoat to integrate independently of a hydrophobic signal 
peptide (Rohrer and Kuhn, 1990). However, integration of 
M13 procoat differs from that of CFo-ll in an additional 
requirement for an electrochemical transmembrane gradi- 
ent (Cao etal., 1995; Date etal., 1980), demonstrating that 
the mechanism for the membrane transfer of small, highly 
negatively charged peptide domains is basically conserved 
but not completely identical in the two cases. 

Phylogenetic origin of the CFo-ll transit peptide 

At the prokaryotic level proteins such as plastocyanin or 
the 33 kDa subunit of the photosynthetic oxygen-evolving 
system which are found in the thylakoid lumen of both 
cyanobacteria and chloroplasts, are synthesized as pre- 
cursor molecules carrying transitory signal peptides for 
the transport across the thylakoid membrane. In the corres- 
ponding nuclear encoded proteins of higher plants, the 
signal peptides are conserved in the C-terminal parts of 
the respective transit peptides where they still operate 
as thylakoid-translocation signals. It is therefore widely 
accepted that the thylakoid-targeting signals in these 
bipartite transit peptides are of prokaryotic origin. Con- 
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sequently, after phylogenetic gene transfer only an 
organelle import signal was added and required to preserve 
correct biogenesis of these proteins. 

The transit peptide of CFo-ll must have a different phylo- 
genetic origin. As mentioned above, its homolog from 
Synechocystis 6803 is synthesized in the prokaryotic cyto- 
sol as the mature protein lacking any additional residue 
(Lill and Nelson, 1991). On the other hand, CFo-l is synthe- 
sized in the chloroplast with an N-terminal extension of 17 
amino acids which appears to be conserved in the transit 
peptide of CFo-ll (Figure 1b). However, this extension does 
not show any similarity to signal peptides and our data 
demonstrate that it is indeed dispensable for membrane 
integration (Figure 4a). Thus, although the C -terminal part 
of the CFo-ll transit peptide might be of organellas prokary- 
otic origin, its structure was obviously modified after 
phylogenetic transfer of atpG to provide new functions 
for thylakoid targeting. These modificatons include the 
acquisition of apolar amino acids to increase the hydro- 
phobic moment of the signal and by this means compens- 
ate for the negative charges that have apparently been 
added to the N-terminus of the mature protein. Further- 
more, a single residue, leucine, was inserted at position 
-2 of the terminal processing site (Figure 1b) which gener- 
ated a recognition sequence for the thylakoidal processing 
activity (Michl era/., 1994). This unusual descent of its 
thylakoid-targeting signal might also explain why the 
CFo-ll transit peptide lacks an intermediary processing site 
(Michl era/., 1994). 

The CFo-ll transit peptide is a cryptic Sec-type transport 
signal 

Despite the fact that CFo-ll integrates into the thylakoid 
membrane spontaneously (Michl era/,, 1994; Robinson 
etai, 1996), its transit peptide is capable of interacting 
with the thylakoidal protein transport machinery and oper- 
ating as a Sec-dependent translocation signal (Figure 7). 
However, it is restrictive with regard to its passenger. Of 
four polypeptides tested, notably the 16kDa, 23kDa and 
33 kDa subunits of the oxygen-evolving system and plasto- 
cyanin, only the latter is correctly targeted by the CFo-ll 
transit peptide, while the other proteins are mistargeted to 
the chloroplast stroma in in organello experiments (Figure 7 
and data not shown). Similar limitations have also been 
observed for other Sec-type transit peptides (see for 
example Clausmeyer era/., 1993) which points to a rather 
restricted passenger compatibility of this pathway. 

A comparable switch from Sec-independent to Sec- 
dependent protein transport has been described for M13 
pro co at and leader peptidase from E. coli (Andersson and 
von Heijne, 1993; Kuhn, 1988). This suggests that targeting 
signals involved in spontaneous membrane transport have 
an inherent property to interact with the Sec-type mem- 



brane transport machinery. Sec-dependence apparently 
increases with the length of the translocated segment 
(Andersson and von Heijne, 1993; Kuhn, 1988) which 
implies that spontaneous membrane transport is restricted 
to short oligopeptides. 

Experimental procedures 

Chloroplast isolation and protein transport experiments 

Chloroptasts were isolated from young spinach leaves by Percoll 
gradient centrifugal ion and used for in organello import experi- 
ments as described by Cai etai (1993) and Clausmeyer etai 
(1993). Authentic and chimeric precursor proteins were synthe- 
sized by in vitro transcription of cDNa clones followed by in vitro 
translation in cell-free wheat germ or rabbit reticulocyte lysates 
in the presence of l^SJ-methionine. Competition experiments 
with saturating amounts of the 23 kDa and 33 kDa precursor 
proteins followed the protocol of Michl etai. (1994). 



Generation of chimeric and hybrid polypeptides 

According to the protocols outlined earlier (Bartling etai, 1990; 
Cai etai, 1993; Clausmeyer etai, 1993), gene cassettes for transit 
peptides and mature proteins were obtained from the respective 
cDNA by in vitro mutagenesis introducing unique restriction sites 
at the position of the terminal processing site in the precursor 
protein. For the CFo-ll transit peptide cassette, a Nae\ restriction 
site was introduced. To generate the Hincll-site for the cassette of 
mature CFo-ll, a nucleotide exchange in the first codon (GAA to 
GAC) leading to a conservative amino acid replacement in this 
position (Glu -»Asp) was required. The cassette for mature 
CFo-l was obtained from plasmid pAN573 carrying the uninterrup- 
ted coding sequence for this protein (Hudson era/., 1987; Schmidt 
era/., 1990) by introducing an A/del-site leading to an amino acid 
exchange from Gly to Met. 

The gene cassette HI CFo-ll was generated by fusing the 134 bp 
XnoI|/S1/£coRI-fragment from the cassette of mature CFo-l with 
the 457 bp Ahall/Klenow/SamHI-fragment from the cassette of 
mature CFo-ll. The cassette H2CFo-l was generated by fusing the 
132 bp Afta1l/S1/Safl-fragment from the CFo-ll cassette with the 
398 bp Xnoll/Klenow/ffamHI-fragmentfrom the CFo-l cassette. The 
gene cassette +h/CFo-ll was generated by introducing a Dra\ 
restriction site in front of codon 54 of the coding sequence for the 
CFo-ll precursor. The gene cassette of mutant DEL carries an 
fspl-site in front of codon 6 of the mature CFo-ll coding sequence. 
In mutant SUB, the three Glu codons at position 1, 2 and 4 of the 
mature CFo-ll coding sequence were replaced by codons for Asn 
(pos. 1) and Gin (pos. 2 and 4) and, in addition, an tf/ncll-site was 
introduced at the position of the terminal processing site in the 
precursor polypeptide. The construction of the cassettes for the 
transit peptides of SSU, FNR, plastocyanin, and the 33 kDa protein 
of the oxygen-evolving system as well as for the mature part of 
plastocyanin have been described previously (Cai etai, 1993; 
Clausmeyer etai, 1993). 

The restriction sites introduced were subsequently utilized for 
the assembly of coding sequences for chimeric precursor proteins 
by in-frame combination of the respective coding cassettes. The 
resulting recombinant DNA fragments were cloned into pBSC 
M13" (Stratagene, La Jolla, USA), and the correctness of the 
mutageneses and fusions was verified by sequence analysis 
(Sanger et ai, 1977). 



© Blackwell Science Ltd, The Plant Journal, (1999), 17, 31^40 



Topogenesis of CFo-l and CFo-ll 39 



Miscellaneous 

Gel electrophoresis under denaturing conditions was carried out 
according to Laemmli (1970) or Schagger and von Jagow (1987). 
The gels were processed by fluorography using 16% sodium 
salicylate (Chamberlain, 1979). All other methods followed the 
protocols collected in Sambrook etal. (1989). 
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We have earlier shown that extraction of Rhodospi- 
rillum rubrum chromatophores with LiCl removed 
completely the /f-subunit of their coupling factor ATP- 
ase complex leaving the other four subunits attached 
to the membrane (Philosoph, S. f Binder, A., and Gro- 
met-Elhanan, Z. (1977) J. Biol Chenu 252, 8747-8752). 
Further treatment of these /Mess chromatophores with 
LiBr, under the described optimal conditions, resulted 
in specific removal of one additional subunit, the y- 
subunit, and both subunits were purified to homoge- 
neity. 

The /?,y-less chromatophores as well as the /Mess 
ones lost their ATP-linked activities, but retained their 
light-induced proton uptake, resulting in the formation 
of an electrochemical gradient of protons composed of 
both a pH gradient and a membrane potential. These 
results indicate that the removed fi and y subunits 
cannot be an integral part of an H + gate in the R 
rubrum chromatophore membrane. 

Each of the removed subunits could bind to the fi f y- 
less chromatophores, but such separate reconstitution 
of either fi or y alone did not lead to restoration of any 
ATP-linked activity. ATP synthesis and hydrolysis 
could be restored to the same extent to these chromat- 
ophores by their reconstitution with both fi and y. It is 
thus concluded that the presence of both subunits is 
required for ATP synthesis as well as hydrolysis by the 
R rubrum F 0 %Fi complex. The identical degree of elim- 
ination and restoration of ATP synthesis and hydroly- 
sis upon removal and reconstitution of ft and y indicates 
that in R rubrum at least, there seems to be no reason 
for suggesting the operation of different catalytic sites 
for the two activities. 



All energy-transducing membranes that synthesize ATP 
contain an enzyme complex which is composed of two distinct 
structures (1-4), Fi 1 and F 0 . The F, sector is an active ATPase 
and the Fo sector is involved in the flux of protons across the 
membrane. The whole F 0 «F| complex has been isolated by 
detergent extraction from a large number of respiratory and 
photosynthetic membranes and found to have an extremely 
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complex; RrFp. F, and RrF ( , the F 0 <F, and Fi of/?, rubrum; Tricine, 
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complex structure. Thus, the RrFo*F| complex purified from 
chromatophores of the photosynthetic bacterium Rhodospi- 
rillum rubrum contained eight non identical polypeptide sub- 
units (5, 6). Five of these subunits, a, fi t y, 5, and «, correspond 
to those composing the RrFt -ATPase purified from the same 
bacterium (7), and the remaining three subunits form the Fo 
component of this RrFo* Fi (6). A similar number of subunits 
has been reported for Fo*F| complexes purified from the 
themophilic bacterium PS3 (8), the mesophilic heterotrophic 
bacterium Escherichia coli (9), and from green plant chloro- 
plasts (4, 10), whereas the best Fo Fi preparations obtained 
from animal or yeast mitochondria contain a larger number of 
subunits (1, 11-13). 

According to the chemiosmotic theory (14), these Fo-Fp 
ATPase complexes are reversible proton translocators that 
can synthesize ATP at the expense of the electrochemical 
proton gradient formed across the membranes during electron 
transport. The capacity to couple the translocation of protons 
across the membrane to the synthesis of ATP has been clearly 
demonstrated with some of the most purified Fo • Fi complexes 
(10, 15-17). However, the detailed mechanism of ATP synthe- 
sis by these Fo.Fi-ATP synthases is as yet unknown. For the 
complete elucidation of the mechanism of action of these 
enzyme complexes, a precise determination of the function of 
each of their individual subunits is required. Some information 
on the function of different subunits of Fj has been obtained 
by following reconstitution of active ATPase complexes from 
isolated purified subunits of two species of bacteria (2, 18). 
These studies have indicated that mixtures containing the a, 
fi, and y subunits are required for regaining an ATP hydrolyz- 
ing activity (18, 19). In studies of another type Yoshida et al 
(20) have reported that incorporation of an Fo preparation 
from a thermophilic bacterium into phospholipid vesicles 
increased their H + permeability, and further addition of the 
y-subunit together with S and t , but not 8 and c alone, caused 
a marked decrease of this H + permeability. So they tentatively 
concluded that y is the gate of proton flow through the F 0 
sector. 

A different approach, which can provide information on the 
role of specific subunits of the F 0 -Fi complex in all its known 
activities, namely H + translocation, as well as ATP synthesis 
and hydrolysis, has been developed by us in R. rubrum chro- 
matophore membranes (21-24). It involves a stepwise removal 
and reconstitution of individual subunits of this complex at its 
membrane- bound state. Up to now two subunits, fi and y, 
were removed by two consecutive extractions, starting with 
LiCl followed by LiBr (21.-23). The removed subunits retained 
their native active state, since upon their reconstitution into 
the depleted membranes, which lost both their ATP synthesis 
and hydrolysis activities but not their proton translocating 
one, about 60% of the lost activities were restored (21, 24). 



11377 



11378 



Purification of an Active y Subunit from an Fo>FrATP Synthase 



The LiCl extraction was shown to release completely the f}~ 
subunit leaving all the other RrF 0 *Fi subunits attached to the 
/Mess chromatophore membranes (21, 25). 

In this paper we establish the conditions required for max- 
imal release of the y-subunit by LiBr extraction, for an im- 
proved purification of both fi and y, and for their correct 
rebinding that ensures almost full restoration of both ATP 
synthesis and hydrolysis activities. 

MATERIALS AND METHODS 

Buffers— TSMA buffer 50 mM Tricine-NaOH (pH 8.0), 0.25 m 
sucrose, 4 mM MgCl?, 4 mM ATP. Buffer A: 100 mM Tricine-NaOH 
(pH 8.0), 4 mM ATP, 4 mM MgCk, 10% glycerol. Buffer B: 5 mM 
Tricine-NaOH (pH 8.0), 4 mM ATP, 4 mM MgCk, 5% glycerol. Buffer 
C: 50 mM Tricine-NaOH (pH 8.0), 1.0 M KC1, 2 mM MgCb, 10% 
glycerol. Buffer D: 50 mM Tricine-NaOH (pH 8.0), 1.0 M KC1, 1.0 M 
urea, 10% glycerol. Buffer E: 10 mM 4-morphotineethanesulfonic acid- 
NaOH (pH 6.2), 150 mM NaCl, 2 mM MgCl* 5% glycerol 

Preparation of Coupled and Depleted Chromatophores—R. rub- 
rum cells {strain Si) were grown as previously described (21). Coupled 
chromatophores were prepared according to published procedures 
(26, 27), except that after cell rupture in the Yeda Press deoxyribo- 
nuclease and ribonuclease were added, each to a final concentration 
of 10 pg/ml and MgCl? to a final concentration of 10 mM. The 
suspension was incubated for 20 min at room temperature and then 
centrifuged, washed, and resuspended as outlined previously (27). 
This treatment increased the yield of coupled chromatophores by at 
least 50%. It also decreased the ratio of protein/bacteriochlorophyll 
from 25:1 (see Ref. 28) to about 12:1 without decreasing the rate of 
photophosphorylation, which ranged between 800-1100 /uuol/h/mg 
of bacterio chlorophyll. For preparation of /Mess chromatophores, the 
washed, coupled chromatophores, were finally resuspended in TSMA 
buffer, and after 2 h at 4 °C they were extracted with LiCl, washed, 
and resuspended as previously described (29). For preparation of 
0,y-less chromatophores, the washed /Mess preparation was resus- 
pended in TSMA buffer, extracted with LiBr by stirring for 1 h at 4 
°C, then washed and resuspended as outlined above. The final con- 
centrations of LiBr and of the chromatophores during the extraction 
were 2 M and 0.2-0.3 mg of bacteriochlorophyll/ml, respectively, 
unless otherwise stated. 

Purification of the f$ and y subunits — The ft subunit was purified 
by an improved method that gave a better yield of a clean homoge- 
neous /f than the earlier described procedure (21), as follows. The 
LiCl crude extract (about 350 mg of protein obtained from chromat- 
ophores containing 400 mg of bacteriochlorophyll) was brought to 
60% ammonium sulfate saturation and allowed to stand overnight at 
4 °C, The precipitate was dissolved in buffer A at a concentration of 
I mg of protein/ml. This step is essential for complete removal of 
LiCl. The protein solution was fractionated by ammonium sulfate, 
and the fraction precipitating between 15-50% saturation was col- 
lected, dissolved in about 35 ml of buffer A at 5 mg of protein/ml, 
dialyzed for 4 h against 100 volumes of buffer A, and applied on a 
column (2.9 X 25 cm) of DEAE-Sephadex A-50. The column was 
washed with 200 ml of buffer A containing 80 mM sodium chloride, 
and a linear gradient of 80-400 mM sodium chloride in 400 ml of buffer 
A was applied. Two main protein peaks were eluted (not shown). 
Only the second peak contained fi subunit activity that was measured 
by its ability to restore photophosphorylation when reconstituted into 
/Mess chromatophores (see below). Fractions containing /^-activity 
were pooled. The protein in the pooled fractions was precipitated at 
60% ammonium sulfate saturation, dissolved in buffer A at 10 mg of 
protein/ml, and all insoluble materials were removed by 1 h of 
centrifugation at 350,000 X g. Traces of bacteriochlorophyll, which 
are sometimes still present at this stage, were removed by applying 
the supernatant (about 8 ml) on a column (2.0 X 80 cm) of Bio-Gel A- 
0.5 m agarose and e luting with buffer A. Fractions containing 0 
subunit activity were pooled and applied to a column (1.2 x 25 cm) of 
DEAE-cellulose (DE23). The column was washed with 40 ml of buffer 
A containing 0,1 m sodium chloride, and a linear gradient of 0.1-0.4 M 
sodium chloride in 200 ml of buffer A was applied (Fig. 3/1). The flow 
rate was 30 ml/h, and fractions of 5.2 ml were collected. These 
containing pure active p were pooled, concentrated by ultrafiltration 
to 3 mg of protein/ml, and dialyzed exhaustively against buffer B. 
The fi subunit (yield 7 mg) was stored in buffer B in liquid nitrogen 
without loss of activity for at least 6 months. P activity at each step 
of purification was also stable in liquid nitrogen and could withstand 



at least four cycles of freezing and thawing during the whole purifi- 
cation procedure. 

The y subunit was purified from the LiBr crude extract as follows. 
LiBr was removed by precipitation at 60% ammonium sulfate satu- 
ration as described above for the /J-subunit. The precipitate was 
dissolved in 60 ml of buffer C at a concentration of 1 mg of protein/ 
ml and then reprecipitated at 45% ammonium sulfate saturation. The 
precipitate was dissolved in buffer C and dialyzed for 2 h against 100 
volumes of buffer C. The dialyzed protein solution was diluted with 
an equal volume of buffer C to about 0.5 mg of protein/ml, and all 
insoluble materials were removed by 2 h of centrifugation at 270,000 
x g. The supernatant (32 mg in 65 ml) was applied on a column (1.7 
X 15 cm) of hydjoxyapatite. The column was washed with 70 ml of 
buffer C, and a linear gradient of 0-0.4 m sodium phosphate in 300 mt 
of buffer D was applied (Fig. 3B). The flow rate was 120 ml/h (with 
a peristaltic pump), and fractions of 5.0 ml were collected. All fractions 
were dialyzed exhaustively against buffer E. In order to obtain any y 
subunit activity, the chromatography and dialysis should be done as 
rapidly as possible, since in the presence of the high concentrations 
of salt and urea of buffer D, 7 activity is not stable. Fractions 
containing y subunit activity, measured as described below, were 
pooled and concentrated by vacuum dialysis against buffer K to no 
more than 0.4 mg of protein/ml. Glycerol was then added to a final 
concentration of 10%, and the pure y subunit (yield 6 mg) was stored 
in liquid nitrogen without loss of activity for at least 4 months. 7, as 
/t, could withstand at least three cycles of freezing and thawing during 
the purification procedure. 

Reconatitution offi-tess and p P y-Lesa Chromatophores — The de- 
pleted chromatophores were reconstituted with the missing subunits 
as follows (unless otherwise stated). /?-Less or /?,y-less chromato- 
phores (10 /ig of bacteriochlorophyll) were incubated for 30 min at 35 
°C with 100 ug of purified fi and/or 30 ug of purified y in a reaction 
mixture containing, in a final volume of up to 0.7 ml, 10 mM 4- 
morpholineethanesulfonic acid-NaOH (pH 6.2), 25 mM MgCI 2 , 4 mM 
ATP, and 15 mM glucose. The reconstituted chromatophores were 
either assayed immediately or, where indicated, centrifuged for 30 
min at 4 °C in the microfuge (Eppendorf 5414) to remove any 
remaining free subunits, then dissolved in the reconstitution buffer 
and assayed for restored ATP-linked activities. For optimal reconsti- 
tution of the y subunit, a pH of 6.2 was required (24), whereas the 
rates of photophosphorylation and ATP hydrolysis were higher, 
around pH 8.0. Therefore, concentrated Tricine-NaOH (pH 8.0) was 
added to a final concentration of 80 mM to all reconstituted chromat- 
ophores, and the suspension was equilibrated for 15 min at 4 °C 
before being assayed. 

Analytical Methods and Assays— Photophosphorylation was car- 
ried out as previously described (26), but illumination was for 3 min 
at 35 6 C. The reaction mixture contained, in 3 ml, 80 mM Tricine- 
NaOH (pH 8.0), 6 mM MgCl 2 , 2 mM ATP, 5 mM sodium phosphate 
containing about 10 b cpm of 32 P, 15 mM glucose, 150 ug of hexokinase, 
66 um N-methylphenazonium methosulfate, and chromatophores con- 
taining 10 ug of bacteriochlorophyll. The reaction was stopped by 0.2 
ml of 50% perchloric acid, and ATP formation was measured according 
to Avron (30). 

ATPase activity was assayed for 10 min at 35 °C as previously 
described (28), either via the radiochemical method using [y-^PJATP 
or by measuring the released Pi colon metrically (31). 

ApH and were determined in the presence of the fluorescent 
probes 9-aminoacridine and anilinonaphthalene sulfonic acid, respec- 
tively, as outlined before (32). 

Electrophoresis in 7.5% polyacrylamide gels containing sodium 
dodecyl sulfate was performed according to Weber and Osbom (33). 
The samples were prepared as previously described (21). Gels were 
stained and destained as outlined by Lanzillo et al (34). 

Protein was determined by the method of Lowry et al. (35), and 
bacteriochlorophyll was measured using the in vivo extinction coef- 
ficient given by Clayton (36). 

RESULTS 

Optimal Conditions for Release of the y Subunit From $- 
Less R. rubrum Chromatophores — The concentrations of 
LiBr and chromatophores and the pH of the suspension during 
extraction were found to be crucial factors for achieving a 
maximal release of the y subunit. As is illustrated in Fig. 1, 
extraction with less than 1.0 M LiBr did not release the y 
subunit, since reconstitution with p alone restored over 90% 
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different buffers because, as we have previously reported, the 
fi subunit required the presence of at least 2 mM ATP to keep 
it active during storage and reconstitution (21, 29), whereas y 
showed no need for ATP, but required a low pH of around 6.0 



Fig. 1. Dependence of the efficiency of the release and re- 
constitution of the y subunit on the concentration of LiBr 
during extraction of fi-less chromatophores. The extraction with 
IJBr was carried out as described under "Materials and Methods " 
except that the LiBr concentration was varied as indicated, and in 
one set of experiments the extraction was carried out at pH 6.2 using 
50 mM 4-morpholineethanesulfonic acid- Na OH instead of at pH 8.0 
with Tricine-NaOH. All the /J -less LiBr- extracted chromatophores 
were washed, resuspended, reconstituted with either p or fi + y as 
indicated, and the restored photophosphorylation was assayed as 
described under "Materials and Methods." The control photophos- 
phorylation restored in /Mess chromatophores after their reconstitu- 
tion with fi alone was 750 /imol/h/mg of bacteriochlorophyll. 

extracted at pH 8.0; O, A, extracted at pH 6.2. 

of the control photophosphorylation in preparations that had 
not been extracted with LiBr. Extraction with increasing 
concentrations of LiBr caused a release of y, and with 2.0 M 
LiBr most of the y was released when the extraction was 
carried out at pH 8.0, since reconstitution with /? alone did 
not restore any photophosphorylation activity, whereas recon- 
stitution with p and y together restored about 80% of the 
control photophosphorylation. When the extraction was car- 
ried out at pH 6.2, there was always some residual restored 
photophosphorylation after reconstitution with fi alone, indi- 
cating that at this pH not all the y is released, even after 
extraction with up to 3.0 M LiBr. Moreover, after extraction 
with more than 2.0 m LiBr there is a drastic decrease in the 
degree of restoration of photophosphorylation even after re- 
constitution with /J and y together. It is, therefore, concluded 
that for optimal release of the y subunit 2.0 M LiBr at pH 8.0 
is required. 

The importance of the concentration of chromatophores is 
shown in Fig. 2. With 2 M LiBr at pH 8.0, all the y was released 
as long as the chromatophore concentration was kept below 
0.3 mg of bacteriochlorophyll/ml, whereas at a higher concen- 
tration there was some restoration of activity even after 
reconstitution with p alone, indicating that not all the y was 
released. 

Purification of the p and y subumts — The p and y subunits 
released by LiCl and LiBr extraction of R. rubrum chromat- 
ophores were purified as described under "Materials and 
Methods.'* The protein elution profdes from columns used in 
the final stage of purification of each subunit are shown in 
Fig. 3. The purity of these subunit preparations was assessed 
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(Fig. 4). Both p {lane B) and y (lane Q were obtained in 
essentially homogeneous form. These purified subunits were 
used in all the experiments reported in this work. 

Preliminary characterization of the P and y subunits showed 
a large difference in their solubility. Solutions of up to 3.0 mg 
of p/ml of buffer B could be prepared, whereas y was soluble 
to only 0.4 mg/ml of buffer E and tended to form aggregates 
above this concentration. The subunits were stored in these 
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Fig. 2. Efficiency of the release of the y subunit as a function 
of the concentration of /Mess chromatophores during LiBr 
extraction. The extraction was carried out as described under 
"Materials and Methods," except that the chromatophore concentra- 
tion was varied as indicated. Conditions of reconstitution, assay, and 
the control activity were as in Fig. 1. 
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Fic. 3. Purification of the fi and y subunits released from A 
rubrum chromatophores. The purification is described in detail 
under "Materials and Methods." A, column chromatography of the 
l-subunit on DEAE -cellulose. B, column chromatography of the y- 
subunit on hydroxy apatite. The bars indicate fractions of pure fi {A) 
or pure y (B) that were pooled. For testing 0 activity, /Mess chro- 
matophores were reconstituted with 100 fig of protein from each 
fraction in A as described under "Materials and Methods," except 
that 10 mM Tricine-NaOH (pH 8.0) were used. For testing y activity, 
0, y-less chromatophores were reconstituted with 100 fig of pure ft and 
50 jig of protein from each fraction in B. The reconstituted chromat- 
ophores were assayed immediately for restored photophosphorylation 
activity as described under "Materials and Methods." BChl = bacte- 
riochlorophyll. 
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Ftp. 4. Sodium dodecyl sulfate-polyacrylamide gel electro- 
phoresis of subunits ft and y of KrF t . A. KrFi purified according 
to (2~>). B. purified ft from the. pooled fractions- of. Fig. 3.4 that were 
concentrated and dialyzed as described under "Materials arid Meth- 
ods." C\ purified y from I ht* pooled fractions of Fig. 'AH that wort* 
concentrated and dialy/.ed.as described above. 

to keep it active (23, 24). Neither ft nor y heeded reducing 
conditions, 'since inclusion of 0.1- mM dithiothreitol during 
their purification dki not increase the activity of the filial 
purified preparations. These pro|)erties of ft and y isolated 
from R, rubrum are quite similar to 'those previously reported 
for ft and y. isolated: form K. voii (37). 

Optimal Conditions for Reconstitution of the y Subunit—r 
Reconstitution of the y subunit into /?,y-less chromatophores 
in an active manner resulting in restoration of both photo? 
phosphorylation and ATPase activities requires the presence 
of three components; the /?,y-less chromarophores and each of 
the missing subunits (24). The concentrations of all three 
components are crucial for obtaining: maximal restoration of 
the AT P-l inked activities. Thus, at a fixed concentration of 
chromatophpres, the reconstitution of /3-lesa chromatophores 
with increasing amounts oft he /I suburiit followed a simple 
saturation curve, whereas the reconstitution of /i,y-less chro- 
matophores with ft and y together exhibited a completely 
different pattern (Fig, 5>. Increasing amounts of y with a fixed, 
sat u ra ting con cent ration oi ft led first: to a linear increase in 
the extent of restoration of phot6ph(»sph6ry!atK>ri up to a 
plateau value which was seen with the amount of y ranging 
between 30 to KM) /tg. A further increase in the amount of y 
caused, however, a rather severe decrease in the extent of the 
restored activity (Fig. 5). So in the presence of a fixed level of 
ft the restored phot ophpsphprylat ion is dependent on addition 
of an optimal concentration of y. 

A number of additional factors were found to be important 
for obtaining maximal restoration of activity. Fig. 6 illustrates 
the effect of the duration of reconstitution. Here, the extent 
of restored Mg 1 '*- ATPase activity increased with time, reach- 
ing a maximal extent when the reconstitution was Carried out 
for about. 40 min. The pattern was similar in both /Mess 
chromatophores reconstituted with a saturating amount of ft 
(100 /ijf»). and /^y-iesK chromatophores reconstituted with the 
saturating amount uf ft and an optimal amount of y (30 jig). 
Furthermore, in both systems the extent of restored act iyity 
remained constant even when t he; reconstitution was contin- 
ued for 2 h (Fig. 6). A sinniarpattenv was obtained when: the 
restoration of photophosphorylation or Ca'"*- ATPase activi- 
ties were: assayed (not shown). 

We have previously reported (24) that the concentration of 
MgCl* and the pH during recohstitution are also important 



for achieving, a maximal restoration of activity in fty-less 
chromatophores reconstituted with ft and y together. A 11: these 
fact ors have been incorporated into t he optimal reconstitution: 
system that: is described under "Materials 1 and Methods.*' 

Rule of the. y Subunit in Various Chromatophore Activi- 
ties — It has: been earlier reported that /f,y-less chromato- 
phores as well as the /Mess ones lost over 98% of their 
photophosphorylation; and MjT*"- or Ca"' -ATPase: activities, 
while retaining over 70% of their ability to take up protons : 
during light-induced electron iraasport <21>23; 24, 29). As is 
illustrated in Table I, this proton uptake leads to the formation 1 
of an electrochemical proton [ gradient, composed of a ApH and: 
a in both types of depleted chrpmatpphpres. Moreover, the 
calculated values of ApH and &4; attained in the depleted 
chromatophores were not very different from those attained! 
in the coupled chromatophores (Table I, see also : Ref. 32). In 
the /Mess chromatophores they were lower by le&s than 10%. 
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Fig . 5. Effect of the amount: of subunits. added dur ing recon- 
stitution on; the degree of restoration of photo phosphorylation 
in depleted, chromatophores. ft -less and /?.y-Ie«ii chromatophores. 
were reconstituted and. inuncdiatc'ly assayed as described under 
"Materials and Methods." .except that the /Mess ehrpniatophores 
were reconstituted with varying cbnceriiratioiis of % and the ;/?,y-less 
chrprmitophores were reconslitiiUxI.Wtth 100 ug of/* together with 
varying cpncentration.s of y, as indicated: 
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Ftp. f>. Kffecl of the duration of reconstitution on the degree: 
of restoration of the .Mg**-ATPase activity of depleted chro- 
matophores.. The reconstitution and assay were carried out as de- 
scribed under "Materials and Methods*" except that the depleted 
chromatophores were incubated with the Passing subuntts for the 
indurated time intervals before performing the ATPaseassay. 
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Table I 

Determination of bpH and generated during illumination of 
coupled and depleted chromatophores 



CKiomatophore 
preparation" 




Electrochemical proton gradient 


—Valinomycin — KC1 


+Valinomycin +KC1* 


apH' 




ApH r ty r 






mV 


mV 


Coupled 


2.4 


95 


3.3 0 


fi-Less 


2.3 


85 


3.1 ND* 


Ay-Less 


2.0 


70 


3.0 ND 



" Coupled and depleted chromatophores were prepared as de- 
scribed under "Materials and Methods." 

* Valinomycin was added at a concentration of 2 mm and KC1 at 120 

RIM. 

r ApH and were measured by following changes in the fluores- 
cence of 9-aminoacrydine and anilinonaphthalene sulfonic acid, re- 
spectively, and the calculations were done as outlined in (32). 

d Not determined. 



and in the Ay-less ones by about 20%. It should be emphasized 
that these Av-Iess chromatophores were prepared by extrac- 
tion with LiBr under conditions that were shown to result in 
a maxima] release of the y subunit (Figs. 1 and 2), and they 
lost practically all their ATP -linked activities. These results 
indicate, therefore, that removal of the y subunit does not 
increase the H + permeability of the R. rubrum chromato- 
phores. It also did not change their response to the addition 
of valinomycin and KC1, which leads to an elimination of the 
Ai/f, since in all types of chromatophores this was compensated 
to a large extent by an increase in the ApH (Table I). 

In all the experiments presented above, the reconstitution 
of /?,y-less chromatophores was carried out by adding the ft 
and y subunits together. Table II summarizes a series of 
experiments attempting to answer the following questions, (a) 
Can either ft or y rebind separately to the /?,y-less chromato- 
phores? (b) If yes, does a separate rebinding of either one of 
them restore any activity? (c) Is a separate but consecutive 
rebinding of both subunits as effective in restoring activity as 
their binding when present together? Answers to these ques- 
tions were sought by introducing two separate periods of 
reconstitution, enabling a stepwise addition of either ft or y 
first, followed by the other subunit in the second period, and 
by running a double series of assays on every two-period 
reconstitution experiment In the second series each period of 
reconstitution was followed by a centrifugation step, which 
removed any unbound soluble subunit. 

The above described setup experiments 2 and 3 in Table II 
clearly demonstrate that reconstitution of either ft or y alone 
to 0,y-less chromatophores does not restore any activity, 
although these can rebind separately to the fty-Less chromat- 
ophores, as is indicated from the results of experiments 4 and 
5 in Table II. In these experiments photuphosphorylation was 
restored, and to a very similar extent, in assays carried out in 
chromatophores reconstituted either with or without centrif- 
ugation after each period of reconstitution. These results 
suggest that the separate rebinding of each subunit is strong 
enough not to be removed by centrifugation, thus enabling 
restoration of photophosphorylation activity after the consec- 
utive rebinding of the missing subunit in the second period of 
reconstitution. It is thus clear that the presence of both ft and 
y is required for restoration of photophosphorylation to ft y y- 
less chromatophores. 

The order of rebinding of ft and y is not important at all* 
because a similar extent of restored phosphorylation was 
obtained when either ft (experiment 4) or y (experiment 5) 
were added first, followed by the other subunit in the second 
period of reconstitution. However, reconstitution of ft and y 



together (experiment 6) resulted always in a 30 to 50% increase 
in the extent of restoration as compared to a separate consec- 
utive reconstitution (compare experiments 4, 5, and 6 in Table 
II and 3, 4, and 5 in Table III). 

We have previously reported (21) that removal of the ft 
subunit resulted in loss of both ATP synthesis and hydrolysis, 
and its reconstitution restored both activities to a similar 
extent, thus indicating that the ft subunit is absolutely nec- 
essary for both catalytic activities. The role of the y subunit 
in these activities is summarized in Table III. Rebinding of ft 
alone to ft t y~\ess chromatophores did not restore any activity, 
suggesting that in R t rubrum chromatophores even ATP 
hydrolysis requires the presence of y. Moreover, the separate, 
but consecutive rebinding of ft and y restored ATP hydrolysis 
as well as synthesis and to a similar extent. Also, the recon- 
stitution of ft and y together increased by about 50% the extent 
of the restored activities in all three assays as compared to a 
separate consecutive reconstitution. The similar decrease and 
increase in both ATP synthesis and hydrolysis activities of R. 
rubrum chromatophores subjected to different types of treat- 



Table II 

Effect of the separate binding of the ft and y subunits to the Ay- 
less chromatophores on the degree of restoration of their 
photophosphorylation activity 



Ex- 

peri- 



Type of de- 
ment pletedchxo- 



Subunits added during 
the periods of reconsti- 
tution* 



No. 



matophores 



Restored photo- 
phosphorylation as- 
sayed in chromato- 
phores reconsti- 
tuted 



First 



Second 



Without With 
centring centrifu- 
gation gation 6 











fimol/h/mg Bchf 


1 


/3-Less 


ft 


None 


753 761 


2 


Ay-Less 


ft 


None 


16 13 


3 


Ay-Less 


y 


None 


9 8 


4 


Ay-Less 


ft 


V 


400 417 


5 


Ay-Less 


y 


ft 


396 410 


6 


#,y- Less 


ft + y 


None 


590 589 



" Reconstitution was as described under "Materials and Methods" 
except that where indicated each subunit was separately reconstituted 
for a period of 30 min at the indicated order. In other cases the 
reconstitution was continued for an overall period of 60 min. 

h In chromatophores reconstituted with centrifugation, each period 
of reconstitution was followed by centrifugation as described under 
"Materials and Methods." 

c Bchl = bacteriochlorophyll. 

Table III 

Comparison of the extent of restoration of ATP synthesis and 
Mg* ¥ - or Cd 24 -catalyzed ATP hydrolysis after reconstitution offt,y- 
less chromatophores 



Ex- 
peri- 
ment 

No. 


Type of de- 
pleted chro- 
matophores 


Subunits added dur- 
ing the periods of re- 
cons titu tin n" 


Type of restored activity 
assayed 


First 


Second 


ATP 
syn- 
thesis 


ATP hydrolysis 
with 

Mg 7 * Ca" 












% control* 


1 


ft Leas 


ft 


None 


100 


100 100 


2 


Ay- Less 


ft 


None 


3 


3 6 


3 


Ay-Less 


ft 


Y 


55 


65 71 


4 


Ay- Less 


Y 


ft 


54 


66 74 


5 


Ay- Less 


ft + y 


None 


78 


91 99 



"Reconstitution conditions were as described in Table II, for 
chromatophores reconstituted with centrifugation. 

h The control rates of the restored activities in /Mess chromato- 
phores reconstituted with fi were in micro moles per h per mg of 
bacteriochlorophyll, as follows: 761 for ATP synthesis, 123 for Mg* + - 
ATPase, and 89 for Ca**- ATPase. 
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ments used for release or rebinding of fi and y is consistent 
with the operation of one catalytic site for both activities in 
these chromatophores. 

DISCUSSION 

Extraction of R, rubrum /Mess chromatophores by LiBr 
was previously reported to remove the y-subunit from their 
membrane-bound RrFi (23, 24). Here we show that no other 
subunit besides y is removed by this treatment, since recon- 
stitution of the resulting washed £,y-less chromatophores with 
fi and y, that have been purified to homogeneity (Figs. 3 and 
4), restores 80 to 90% of their lost ATP-linked activities (Table 
III). We have also defined conditions for obtaining a maximal 
removal of the y subunit. These involve extraction of /Mess 
chromatophores containing 0.2-0.3 mgof bacteriochlorophyll/ 
ml with 2 m LiBr at a pH of 8.0 (Figs. 1 and 2). With lower 
LiBr concentrations, a lower pH, or higher chromatophore 
concentrations, not all the y is released, because under such 
conditions there is always some restoration of activity after 
reconstituting /?,y-less chromatophores with fi alone. Higher 
LiBr concentrations have a generally deleterious effect on the 
chromatophore membranes resulting in a drastic decrease in 
their capacity to synthesize ATP after reconstitution of the 
missing subunits. More dilute chromatophore suspensions 
should also be avoided, since it has been earlier reported (27) 
that dilution of R. rubrum chromatophores to less than 0.1 
mg of bacteriochlorophyll/ml leads to the release of endoge- 
nous electron transport carriers. 

Under the above stated conditions, all the y subunit seems 
to be released, because there is no restoration of activity in 
the resulting fty-less chromatophores upon their reconstitu- 
tion with fi alone, but there is excellent restoration of activity 
by reconstitution of fi and y together (Tables II and III). In all 
these experiments, ATP synthesis as well as hydrolysis activ- 
ities have been lost and restored to a very similar extent. 
These data, therefore, indicate that the presence of both fi 
and y is required for the operation of these activities, but they 
do not seem to support the suggestion that different catalytic 
sites are involved in ATP synthesis and hydrolysis. 

The fi,y-\ess chromatophores, that have been obtained un- 
der the conditions developed above for maximal release of y t 
have retained their capacity for generating an electrochemical 
proton gradient during light-induced electron transport (Table 
I). These results suggest that in R. rubrum chromatophores 
the y subunit does not function as the gate for proton flow 
through the F 0 sector. Such a function for y has been suggested 
by Yoshida et al. (20), but their experimental system is very 
differnt from ours. They have added various mixtures of 
soluble subunits to phospholipid vesicles containing an Fo 
sector and found that the mixture of y, 6\ and € decreased the 
H + permeability of the Fo vesicles (20). We have used native 
chromatophore membranes containing an assembled complex 
of a, 6\ and c that were not more leaky to protons than the 
coupled or /Mess chromatophores (Table I). So in our case, 
when y is absent, a in the presence of 6 and € could function 
as the proton gate. This possibility has not been tested by 
Yoshida et ai (20) as they have not tried to add a mixture of 
a, o\ and e. Moreover, even if such a mixture would fail to 
function as a proton gate in their setup, the failure could be 
due to difficulties in the correct assembly of the added soluble 
subunits into an active complex which, in our system, is 
already assembled. Weiss and McCarty (38) have reported 
that in spinach chJoroplast thylakoids cross-linking of two 
groups in the y subunit by a bifunctional maleimide caused an 
inhibition of photophosphorylation and an increased H + 
permeability. These and further studies (39) led McCarty (40) 
to suggest that y might function in the transmission of protons 



to the active site of ATP synthesis. But it is also possible that 
the cross-linking in y could cause conformational changes in 
a or other subunits. 

The above results demonstrate that in R. rubrum chromat- 
ophores the y subunit does not play a role in proton translo- 
cation but is required together with fi for the operation of 
ATP synthesis and hydrolysis. However, whereas fi has been 
shown to be absolutely necessary for the catalysis itself (21), 
it cannot be decided as yet whether y is needed for the 
catalysis or for the correct rebinding of fi. Clearly, rebinding 
of fi alone to 0,y-less chromatophores does not restore even 
ATP hydrolysis (Table III, experiment 2), although these "y- 
less" chromatophores contain both a and fi t and a soluble afi 
complex has been reported to have ATPase activity (41). This 
inactivity might, however, be due to an incorrect binding of 
fi, in the absence of y, to the £,y-less chromatophores. If so, 
such incorrect binding may be corrected upon addition of y, 
since after a separate consecutive reconstitution of fi followed 
by y both ATP synthesis and hydrolysis were restored (Table 
III, experiment 3). In this system the activities were, however, 
restored to a lower extent than upon reconstitution of fi and 
y together (Table HI, experiment 5), thus suggesting that the 
correction needs time. It is also possible that when both 
subunits are present in solution, a complex of fiy is formed 
(see Ref. 19), and this complex rebinds more efficiently or in 
a more effective conformation or configuration to the /?,y-less 
chromatophores. These possibilities merit further investiga- 
tions. 
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Unisite [y- 32 P]ATP hydrolysis was studied in ECF X 
from the mutant 0E381C after generating a single disul- 
fide bond between 0 and y subunits to prevent the rota- 
tion of the y/e domain. The single 0-y cross-link was 
obtained by removal of the 8 sub unit from F x and then 
treating with CuCLj as described previously (Aggeler, R., 
Haughton, M. A., and Capaldi, R. A. (1996) J. Biol Chenu 
270, 9186-9191). The mutant enzyme, 0E381C, had an 
increased overall rate of unisite hydrolysis of 
[y- 32 PJATP compared with the wild type ECF, due to 
increases in the rate of ATP binding (A +1 ), Pj release 
(/e +3 ), and ADP release (fe +4 ). Release of bound substrate 
(Ly- 32 P]ATP) was also increased in the 0E381C mutant. 
Cross-linking between Cys-381 and the intrinsic Cys-87 
of y caused a further increase in the rate of unisite 
catalysis, mainly by additional effects on nucleotide 
binding in the high affinity catalytic site and & +4 ). 
In £-subunit-free ECF 1 from wild type or 0E381C F x , 
addition of an excess of ATP accelerated unisite cataly- 
sis. After cross-linking, unisite catalysis of 0E381C was 
not enhanced by the cold chase. The covalent linkage of 
y to 0 increased the rate of unisite catalysis to that 
obtained by cold chase of ATP of the noncross-linked 
enzyme. It is concluded that the conversion of Glu-381 of 
0 to Cys induces an activated conformation of the high 
affinity catalytic site with low affinity for substrate and 
products. This state is stabilized by cross-linking the 
Cys at 0381 to Cys-87 of 7. We infer from the data that 
rotation of the y/e rotor in ECF X is not linked to unisite 
hydrolysis of ATP at the high affinity catalytic site but 
to ATP binding to a second or third catalytic site on the 
enzyme. 



F 1 F 0 -type ATPases are membranous protein complexes re- 
sponsible for oxidative and photosynthetic ATP synthesis in 
eubacteria, mitochondria, and chloroplasts. The simplest form 
of this enzyme, as found in Escherichia coli (ECF^), 1 contains 
eight different subunits. Five of these subunits (a 3) 0 3 , yj, 5 l , 
e x ) are located outside the membrane in the catalytic F x por- 
tion. The other three subunits (a^ b 2 , Cg_ 12 ) form a channel that 
transports protons through the membrane (for recent reviews, 
see Refs. 1 and 2). Each enzyme complex contains three cata- 
lytic sites located predominantly on 0 subunits (3), which work 
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cooperatively during ATP hydrolysis or synthesis (reviewed in 
Refs, 1 and 2). How catalytic site events are coupled to proton 
translocation is only now beginning to be understood. 

It had been shown several years ago that the y and e sub- 
units undergo conformational changes in F,F 0 upon membrane 
energization (4-6) and that they shift their positions between 
the a and 0 subunits of soluble F x in response to nucleotide 
binding (7-9). Recently, it has been established conclusively 
that these movements represent rotation of a domain formed 
by the y and € subunits (10, 11). Such rotation has been visu- 
alized directly during ATP hydrolysis in the soluble F l (12, 13) 
and is inferred by cross-linking studies of the hydrolytic and 
synthetic reaction when catalyzed by the whole F A F 0 complex 
(11, 14). 

As yet, no correlation has been established between the rate 
of rotation of the y-e domain and the kinetics of individual steps 
in the ATP hydrolysis or synthesis reactions. However, the 
hydrolytic activity of the enzyme is almost fully inhibited by 
cross-linking either y or e, or both subunits, to a or 0 subunits 
through engineered disulfide bonds (8-10), thereby confirming 
the direct linkage between catalytic site events and rotation. 
The driving force for this rotation in the direction of ATP 
hydrolysis could be the binding energy of ATP and/or the free 
energy change associated with the ATP splitting reaction. How- 
ever, complicating any analysis, ATP can bind in three cata- 
lytic sites that are characterized by high, medium, and low 
affinities for nucleotides (1-2, 15-16), a priori, binding in any 
of these sites could drive the rotation. 

To some extent, the functioning in these sites can be differ- 
entiated because ATP hydrolysis in the high affinity catalytic 
site can be monitored by so-called "unisite" catalysis measure- 
ments (17). It is distinguished from nucleotide binding into low 
affinity sites which accelerates product release from the first 
site, as in cold chase experiments (18). Unisite catalysis is 
measured with substoichiometric amounts of [y- 32 P]ATP in 
relation to F l and is characterized by a highly exergonic ATP 
binding step (Kj), a reversible ATP hydrolysis/synthesis equi- 
librium that occurs with a negligible change in free energy (K 2 ), 
and a very slow product release step which is rate-limiting (k +3 
and k +4 ) (see Equation 1 and review in Ref. 19). Therefore, if 
subunit rotation is coupled to unisite catalysis, ATP binding in 
the high affinity site would be the most probable driving force 
(20). The kinetic steps of the unisite catalytic cycle are as 
follows. 

k+i A+3 k+ 3 

F x + ATP^=±F, • ATP^tFi- ADP-P,^^ 

k-i k-2 k -3 

Ff ADP + Pi Fj + ADP (Eq. 1) 

Here, we measure unisite catalysis in ECF! in which the y 
subunit has been cross-linked to a 0 subunit to prevent rota- 
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tion. Our results are interpreted to indicate that ATP binding 
at a catalytic site other than the high affinity site, drives the 
rotation of the y and e domain. 

EXPERIMENTAL PROCEDURES 

Materials — f-^ 32 PlATP (PB 218) was purchased from Amersham 
Pharmacia Biotech, and [o> 3a P]ATP was a gift from the laboratory of 
Dr. Peter von Hippel of this Institute of Molecular Biology. ATP was 
from Sigma. The mutant 0E381C is described elsewhere (21). Wild type 
and mutant F r ATPases were purified as described before (22). ECF t 
was depleted of 5 subunit by gel filtration chromatography through 
Sephacryl S-300 in the presence of 0.5% LDAO. Enzyme (8-10 mg) was 
dissolved in 1 ml of a buffer containing 50 mM Tris, 20% glycerol, 2 tnM 
EDTA, 1 mM ATP, 1 mM DTT, and 40 mM EACA, pH 7.4 (4 °C), along 
with 0.5% LDAO (buffer A). Samples were loaded onto a Sephacryl 
column (1.2 m x 1.0 cm), and protein was eluted with the same buffer. 
Samples lacking the 6 subunit based on SDS-polyacrylamide electro- 
phoresis were collected and concentrated to 2-3 mg ml in Amicon tubes 
and stored in liquid nitrogen. 

CuCl 3 -ind.uced Cross-linking ofF 2 Preparations — Cross-linking was 
induced by CuCL;, as described previously (21). Before starting the 
cross-linking reactions, enzyme dissolved in buffer A under liquid ni- 
trogen was defrosted at room temperature and precipitated with 70% 
saturated ammonium sulfate at 4 °C for 1-2 h. These suspensions were 
centrifuged at 16000 x g for 6 min at 4 °C, resuspended in 60-100 /d of 
50 mM MOPS, 10% glycerol, and 0.1 mM EDTA, pH 7.0, and gel filtered 
through two consecutive Sephadex G-50 columns in the same buffer to 
remove nucleotides and ammonium sulfate. ECF t from the mutant 
0E381C was reacted with 200 jiM CuCIs for 2-4 h to maximize the 
cross-linking yield. The control enzyme was reacted under the same 
conditions but with 5 mM DTT present. Multisite hydrolytic activity was 
measured after cross-linking and before starting the unisite catalysis 
measurements. For the mutant 0E381C, it was 15-20 /xinol/miri/mg for 
the control (reduced with 5 mM DTT) and 0.3-0.4 jLimol/min/mg after 
cross-linking, i.e. multisite activity was inhibited 97-98%. The steady- 
state ATPase activity at 37 °0 of the wild type ECF X was 30 jumolAnin/ 
mg. These activities were not altered significantly by the removal of the 
6 subunit. 

Time. Courses of Unisite Hydrolytic Activities — Fully cross-linked and 
control ECFj from the 0E381C mutant were diluted approximately 
10-fold (to 1 ^lm) for measurement of unisite ATPase activity in 60 mM 
Tris-S0 4 , 5 mM MgS0 4j and 2 mM KjHPO^, pH 7.5. DTT (5 mM) was 
present in the samples of control enzyme. 

Unisite reactions were started by adding 50 /d of ly- 32 P] ATP to 50 ^1 
of F t during rapid mixing in a 13 X 100 mm glass test tube. The 
l7- 32 P]ATP/F! ratio used was 0.1 or 0.2 without significant differences 
on the results obtained in both conditions. The final concentration of F t 
was 0.5 jiM and that of ly- 32 P]ATP was 0.1 or 0.05 fiM. Reactions were 
stopped during mixing at different reaction times with 0.4 ml of trichlo- 
roacetic acid (6% final concentration). In the case of cold chase experi- 
ments, 100 fii of 10 mM MgATP was added to the F t + [y- 32 P|ATP 
mixture at the times shown, and the reactions were stopped 2 s later 
with acid. In the control samples, 5 mM DTT was present in all reaction 
mixtures, except for the trichloroacetic acid solution, to avoid any cross- 
linking. To quantify the amount of [y- 32 PjATP remaining, [ 3a P]P i was 
extracted from these aqueous samples as [ 3a PlP r phosphomolybdate as 
described before (23). Reduction of this complex by DTT was avoided by 
two different methods, which gave exactly the same results. In one, the 
reaction was quenched directly with 0.5 ml of activated charcoal in 1 N 
HCI, and the adsorbed [r 32 P]ATP was washed twice with 1 N HC1 
containing 20 mM P^ The bound ly- 32 P]ATP was eluted with ethanol/ 
ammonium hydroxide (24), and radioactivity was counted directly by 
liquid scintillation or Cerenkov counting. In the second method, control 
samples were treated with trichloroacetic acid as before, but then DTT 
was reacted with a 10-fold excess of N-ethybnaleimide for 5 min before 
the formation of the [ 32 PlP i -phosphomolybdate complex. Reaction with 
A r -ethylmaleimide was preceded by the neutralization of each sample 
with NaOH or Tris to a pH of 7-7.5. Samples without DTT were 
processed in the same way. 

Rate Constants for Unisite Catalysis— The rate of It- 32 P)ATP bind- 
ing was measured by a hexokinase trap (25). This was used instead of 
the cold chase method to avoid any inhibition of the cold chase 
response due to cross-linking and because of possible release of the 
bound (y- 32 P1ATP induced by the cold chase (26). In the hexokinase 
trap, the unisite reactions were started as described before, but at the 
times shown, 100 units of hexokinase were added in the presence of 
10 mM glucose. The hexokinase reaction was allowed to proceed for 



10 a, and the reactions were stopped with 1.3 N HCI. The remaining 
[7- 3:i P]ATP was hydrolyzed by boiling for 12 min, and the pP^ 
produced was extracted as described above. The radioactivity of the 
aqueous phase was taken as the amount of [ 32 P] glucose-6-phosphate 
formed, i.e. (7- 32 P]ATP that was not bound to F r Controls showed 
that 98-99% of the Iy- 32 P1ATP was heat hydrolyzed, that 99-100% of 
the [ 32 P]glucose-6-phosphate was heat-resistant, and that the effi- 
ciency of the hexokinase trap mixed with F, was 97-99%. The decay 
on the hexokinase accessible [y- 32 P)ATP against time was used to 
calculate the rate constant of [y- 32 P|ATP binding, supposing a second 
order association process according to Penefsky (27). The further 
measurement of the rate of l7- 32 Pl ATP release (k^) showed that the 
amount of [t- 32 P]ATP released in the first 10 a of reaction wag 
negligible, allowing for a good estimation of k +x . On the other hand, 
k_ x was measured by a similar hexokinase trap according to the 
method of Penefsky (27), in which the [y- z *P\KWlF x mixture was 
aged for 30 s and the free 3a P was removed by gel filtration through 
Sephadex columns equilibrated with the standard unisite buffer con- 
taining 1 mg/ml bovine albumin (BSA). After saving aliquots for 
determination of [y- 32 P]ATP and [ 32 PjPi coeluted with F l7 the efluent 
was diluted 10- fold in the same buffer containing 1 mg/ml BSA, 1 
mg/ml hexokinase, and 20 mM glucose. At different times, aliquots 
were removed and the hexokinase reactions were stopped with 1.3 N 
HCI. The amount of [ 32 Plglucose-6-phosphate formation, measured as 
described before, was used to calculate k_ x according to Penefsky (27), 
i.e. multiplying by the respective values of (1 •}• K 2 ) and correcting for 
rate of l 3 ^^ release measured as described below. 

To calculate the catalytic equilibrium constant (JC 2 ), the ly- 32 P|ATP/ 
F t mixture made at ratios of 0.2 or 0.1, was filtered at different times 
through Sephadex columns equilibrated with buffer and BSA. The 
eluted protein was colected directly in 6% trichloroacetic acid, and the 
coeluted [y- 3j P]ATP and l 32 P]P; were measured as described before (23). 
The rate of decay of the total bound 32 P was used to calculate the rate 
of [ 32 P]Pi release. A +3 was obtained by multiplying the P { off rate by the 
respective values of (1 + VK 2 ) } according to Penefsky (27) and Al-Shawi 
and Nakamoto (40) 

Using the values obtained for k+ lt k.. lt K 2 and k+ 3 , the respective 
forward (A_,. 2 ) and reverse (k_ 2 ) rate constants were obtained through a 
computer-assisted numerical integration of the unisite catalytic cycle 
(Equation 1). The software used was KINSIM (28) as described previ- 
ously (29). Fitting of the k + ., and A„ 2 rate constants to the experimental 
data was made with the FITSIM program (30). The values of A„ 3 and k_ 4 
were not obtained. Therefore, the calculation of k+ 2 and k., 2 was made 
using only the values of k +1 , k^ t , K 2 , and A+ 3 . The validity of this 
procedure as has been used before (27) is based on the irreversibility of 
the 32 P i release step (with 2 mM P ; present) and on the negligible 
amounts of ADP that are released in the first seconds of the reactions 
(values for A +4 are in the range of 10 ~ 3 , see Table I). 

The rate of [a- 32 P]ADP release was measured by the dilution/gel 
filtration method of Cunningham and Cross (31) as modified by Al- 
Shawi and Senior (32). Unisite catalysis was started by mixing 2.5 jd of 
2 fiM Fj with 2.6 /d of 0.4 ftM [a- 32 P]ATP at 0 time. After 30 s, the 
samples were diluted 100-fold, and 120-/d aliquots were filtered 
through Sephadex columns at different times. The 0 time points were 
filtered 30 s after the dilution step. The Sephadex columns were equil- 
ibrated with buffers containing 1 mg/ml of BSA to minimize the loss of 
F t during gel filtration. The decay in the radioactivity eluted with F t 
from the columns was used to calculate the rate of ADP release accord- 
ing to a first order exponential decay of the bound 32 P. This rate was 
multiplied by (1 4 VKg) to correct for the equilibrium distribution of 
ATP and ADP as it was made for the calculation of A+ 3 . 

To test the accuracy of mixing, gel filtration, and curve fitting meth- 
ods employed, some rate constants (k„.„ A+ 3 , K 2 , k+ 2 , and Jfe. s ) were 
measured in parallel using the wild type enzyme (± 5 subunit) treated 
in the same conditions used for the 0E381C ECF t . The values of the 
rate constants obtained were in the range reported for the wild type 
ECF X (see Table I) 

Other Methods — Multisite ATPase activities were measured spectro- 
photometrically with the ATP regenerating system of Lfitscher et al. 

(33) at 37 °C. Gel electrophoresis was performed according to Laemmli 

(34) using SDS-polyacrylamide gradient gels of 10-18%. Protein con- 
centrations were measured using the BCA method 

RESULTS 

ECFi from the mutant 0E381C was used in the present 
study. The properties of this mutant have been described in 
detail elsewhere (21). Cross-linking in essentially full yield can 
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Fig. 1. SDS gel electrophoresis of the 0E381C mutant before 
and after cross-linking induced by CuCl u . The 0E381C mutant, 
with (lanes 1 and 2) or without 6 subunit (lanes 3 and 4), was cross- 
linked with 200 juAf CuClg as described under "Experimental Proce- 
dures." The control enzymes (lanes I and 3) were incubated and loaded 
into the gel in the presence of 5 mM DTT. The multisite hydrolytic 
activity of these enzymes was diminished from 15 jiunol/min/mg to 
0.3-0.4 junol/min/mg after cross-linking. 15 jig of each protein were 
loaded per lane. 

be obtained between Cys-381 of 0 and the intrinsic Cys-87 of 
the 7 subunit. The effect of this cross-linking is to inhibit 
multisite ATPase activity as reported before (21), and con- 
firmed here. In the present study, the effects of the cross- 
linking on unisite catalysis have been examined. The kinetics 
of ATP hydrolysis in a single high affinity catalytic site was 
measured using [-y- 32 P]ATP, and the effect of a large excess of 
ATP as a "cold chase" on this kinetics was studied. This so- 
called cold chase examines the effect of ATP binding at a second 
and/or third catalytic site on the kinetics of [y- 32 P] ATP hydrol- 
ysis in the first, highest affinity site. 

In ECF X , the promotion of unisite ATP hydrolysis by excess 
ATP is maximized in enzyme from which the 8 subunit has 
been removed (35). This may have to do with non-physiological 
binding of the 8 subunit in isolated ECF r (21). Recent studies 
have shown that the 8 subunit is a two domain protein (41, 42). 
In ECF 1 F 0 , the N- and C-terminal domains interact with each 
other (43, 44), whereas in isolated ECF X the C-terminal do- 
main can swing away to interact with the DELSEED region of 
a )3 subunit (21). This is evident from the observed cross-linking 
from 0E381C to the intrinsic Cys- 140 of y shown previously 
and confirmed here (Fig. 1). 

A selective removal of the 8 subunit was accomplished by gel 
filtration of ECF X in the presence of LDAO as described fully 
under "Experimental Procedures." Fig. 1 shows the separation 
of the subunits of intact ECF! and 8-free enzyme from /3E381C 
by SDS-polyacrylamide gel electrophoresis. Removal of 8 was 
obtained without a significant loss of the e subunit, c.f. lanes 3 
and 1. Fig. 1 also shows cross-linking of ECFt from the mutant 
/3E381C induced by incubation with 200 ^tM CuCl 2 (lanes 2 and 
4). Removal of the 8 subunit not only prevents non-physiolog- 
ical reactions of this subunit, but facilitates interpretation of 
experiments because the only cross-linked product observed in 
significant amounts is now between ($-y. Therefore, the fixing of 
these two subunits can be correlated directly with the observed 
effects. 

In the presence or absence of the 8 subunit, multisite or 
cooperative ATPase activity was inhibited by 97-98% in differ- 
ent experiments, in comparison with control samples treated 
with the equivalent levels of CuCl 2 , but with 5 mM DTT pres- 
ent. This inhibition was at roughly the same level as the yield 
of cross-linking. 



The removal of the 6 subunit had very little effect in the rate 
of acid quench-measured unisite hydrolysis of [7- 32 PJATP in 
either wild type or mutant-(j3E381C) ECF 1? as reported previ- 
ously (35) and see Table I. Fig. 2 compares the rates of unisite 
catalysis of wild type ECFi and 0E381C, both before and after 
cross-linking. The rates of unisite catalysis by wild type ECF l 
are comparable with those obtained by others under similar 
experimental conditions (35, 40); see Table I for rate constants 
of catalysis. As evident in Fig. 1, the substitution of Cys for 
Glu-381 in the mutant 0E381C significantly increased the rate 
of unisite ATP hydrolysis of ECF X , and this rate is increased 
more dramatically after cross-linking of the Cys at position 381 
of 0 with Cys-87 of the 7 subunit. 

Before making a detailed kinetic analysis of the unisite ac- 
tivity of the j3E381C mutant, the possible contribution of mul- 
tisite activity in the present experiments was examined by 
testing the effect of sodium azide (NaN 3 ). NaN 3 is an inhibitor 
which effectively blocks multisite ATPase activity of F r AT- 
Pases without significant effect on unisite catalysis, presum- 
ably by affecting catalytic site cooperativity (36, 37). Previous 
studies had suggested that cooperative or multisite catalysis 
could contribute even when ratios of [y- 32 P|ATP to Fj of 0.3 
mol/mol were used (38). Although cross-linking itself inhibits 
the multisite catalysis, this control is still relevant because 
small amounts of noncross-linked enzyme are present and 
could be providing all of the [y- 32 P]ATP hydrolysis being ob- 
served. However, as shown in Fig. 2, NaN 3 at concentrations 
that completely blocked multisite catalysis in noncross-linked 
enzyme (results not shown; Refs. 36 and 37) had no effect on 
the rates of unisite catalysis after cross-linking. Taken to- 
gether, the above results confirm that the ATP hydrolysis being 
followed occurs in the so-called "high affinity" catalytic site in 
the cross-linked enzyme. 

Table I lists the rate and equilibrium constants that were 
measured. In relation to wild type ECF^ the rate of ATP 
binding (k + J is faster for the 0E381C mutant both before and 
after cross-linking. Also, [7- 32 P]ATP release was faster in the 
mutant by a factor of 25 before cross-linking and more than 
100-fold after cross-linking. The result is a 10-fold decrease in 
the affinity for ATP. As indicated in Table I, the mutant 
showed a more than 20-fold increase in k+ 3i the rate of P 4 
release, which was not enhanced greatly by cross-linking. The 
cross-linking also increased the rate of ADP release from the 
mutant ECF X . Table I also lists measured for the different 
preparations. This equilibrium constant was not greatly af- 
fected in the mutant with or without cross-linking. 

The effect of a cold chase of excess ATP on unisite catalysis 
for the wild type and mutant is shown in Fig. 3. There was the 
expected burst of [y- 32 P]ATP hydrolysis after addition of cold 
ATP in the wild type ECF t and in enzyme from the mutant 
without cross-linking. However, after cross-linking, the rate of 
unisite catalysis carried out by the 0E381C mutant was by 
itself as fast as the accelerated unisite catalysis of the non- 
cross-linked mutant. Unisite catalysis of the /3E381C mutant 
was also much faster than the promoted and non-promoted 
unisite catalysis carried out by the wild type enzyme, which is 
limited by the rate of [y- S2 P] ATP binding (Fig. 3). 

DISCUSSION 

In the mutant 0E381C, a cross-link can be obtained between 
/3 and y subunits in essentially full yield. Previous studies 
made in ECF l from the triple mutant /3Y331W:0E381C:cSlO8C 
(39) have established that binding of ATP to this cross- linked 
F x is similar to that of noncross-linked enzyme, i.e. there is one 
high affinity binding site (K d = 90-200 nM), a loose site (K d = 
2-7 /jlm), and a weak binding site (K d = 40-50 /im). The results 
here show that enzyme cross-linked between 0 (at Cys-381) and 
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Tabus I 

Effect of the &E381C mutation and the 0-7 cross-link on the single site catalysis carried out by ECFj 
Rate constants were measured according to those under "Experimental Procedures." Experiments were made with [y- 32 P]ATP/ECF 1 ratios of 0.1 
and 0.2. The wild type values were measured in duplicate experiments and those for the 0E381C ECFj in three or four different determinations. 
Standard deviations were omitted for simplicity, but these were no higher than 20%. Significant changes produced by the 0E3S1C mutation are 
highlighted, and further increases induced by cross-Unking are highlighted in italics. 
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wtECF, <+sr 
wtECF, (~S) b 
wtECF A (+6, this work) 
wtEcF^-5, this work) 
0E381C ECF^-3, DTT) 
0E331C EOF, (-5, 0-y) 


(M- l s~ l ) x 10 s 
1.1 
1.2 
0.55 
0.77 
5.3 
G.l 


($-') x io~ s 

2.5 
2.2 
2.5 
2.2 
60.0 
310.0 


CM' 1 ) x 1CP 
4A 
5.4 
2.2 
3.5 
0.88 
0.20 


2.9 

0.18 

1.4 

2.1 

1.0 

2.1 


is' 1 ; x 10~ 4 
12.0 
7.8 
12.0 
10.0 
220.0 
280.0 


(s~ l ) x 10' 3 
1.6 

2.2 
7.7 



a Values taken from Ref. 40. 
b Values taken from Ref. 35. 
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Fig. 2. Effect of CuCl 2 induced cross-linking on the unisite 
catalysis of 0E381C ECF, after removal of the 8 subunit. Unisite 
hydrolysis of 0.05 um [^ 32 P]ATP by 0.5 fiM ECF, was measured as 
explained under "Experimental Procedures." The circles show the 
amount of [- r - 32 P]ATP hydrolyzed by the 0E381C F t in the presence 
(• — •) and in the absence (O — O) of 5 mM DTT. For comparison, the 
same experiment was made with the wild type ECF A (X — X). For the 
reactions measured in the presence of NaN 3 (A — A), ECF, was prein- 
cubated with this inhibitor for 10 min before starting the experiment. 
The experimental points are the average of triplicate measurements. 
All reactions were stopped by an acid quench at the times shown by the 
experimental points. 



7 (at Cys-87) retains a high affinity catalytic site with a K d for 
ATP in the nanomolar range (Table I). At the same time, 
cooperative multisite ATPase activity is essentially lost after 
cross-linking. Taken together, these results indicate that neg- 
ative cooperativity of nucleotide binding and positive cooperat- 
ivity of multisite ATPase activity need not be coupled to each 
other. 

In novel labeling studies using laser-induced covalent in- 
corporation of 2-azido-ATP, we have established a direct re- 
lationship between nucleotide binding affinity and the differ- 
ent interactions between y and e subunits with the three 0 
subunits (15). The site with highest affinity is in that 0 
subunit which has neither of the smaller subunits cross- 
linked to it (j3 free ), the loose binding site is in that 0 which 
cross -links with e, and the weak site is in the 0 which cross- 
links to 7 (15). This relationship can only be retained during 
enzyme turnover if nucleotide binding in at least one 0 sub- 
unit, with the associated conformational changes that must 
occur, results in the movement of the y-e subunit domain 
from one a/0 pair to the next. A priori, the movements of y 
and e could be due to binding in any of the three catalytic 
sites. The studies described here were directed toward asking 
whether nucleotide binding in the highest affinity catalytic 
site, bond cleavage in this site, or substrate binding in a 
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Fig. 3. Acceleration of unisite catalysis in 0-y cross-linked 
0E381C ECF, (-6). The unisite catalysis of the 0E381C F,(-6) was 
measured at a [y-^ATP^ ratio of 0.1. In the presence of 5 mM DTT, 
nonpromoted unisite catalysis (• — •) was stopped by the standard acid 
quench. Promoted unisite catalysis (O — O) was measured by adding a 
volume of 10 mM MgATP to ECF, undergoing unisite catalysis and 
allowing the reaction to proceed 2 s further during rapid mixing before 
adding the acid. The open circles indicate the time at which the reac- 
tions were stopped. The same procedure was used to measure the 
promoted (A — A) and non-promoted (▲ — ▲) unisite catalysis of the 
0E381C F, (-6) previously cross-linked between 0 and 7 subunits. For 
comparison, the figure also shows the promoted (+■—+) and non-pro- 
moted (X-"X) unisite catalytic activity of wild type ECF l (-6). For the 
wild type ECF X , promoted experimental data are plotted at the time of 
addition of the cold chase, but the reactions were stopped 1 min later, 
the same results were obtained if the cold chase reactions of the wild 
type ECF, were stopped after 2 or 5 s. Bound [y- 32 P]ATP (O—O) was 
also measured in parallel for the wild type enzyme by the hexokinase 
trap method. 

second or third catalytic site, drives the rotation of yfe. 

It was found that the mutation of Glu-381 of the DELSEED 
region of 0 to a Cys (without any cross-linking) led to altered 
unisite catalysis by ECF A . This mutation increased the overall 
rate of unisite catalysis significantly by affecting both sub- 
strate and product binding. The most dramatic effect was on 
ATP release rate which was 30-fold faster than that for wild 
type enzyme. ATP binding (A +1 ) was also increased, and there 
was a more than 20- fold increase in the rate of Pj release. Fig. 
4 compares the unisite rate constants for 0E381C and those for 
two mutations in the 7 subunit. The YT106C mutation also 
increased A.^ while both this mutation and the change of 
Met- 23 of 7 to a Lys affected k+ 3 . In fact, for the mutant 
7M23K, A +3 was twice as fast again as for the DELSEED 
mutation. Structural studies show that Met^23 of 7 interacts 
with the DELSEED region of one of the three 0 subunits. This 
is a different 0 subunit from that which forms the disulfide 
bond with Cys-87 of 7 studied here. Clearly, the interaction of 
the DELSEED region of two different 0 subunits with 7 has a 
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Fig. 4. Comparison of rate constants of unisite catalysis of 
0E381C, 7TIO6C, and yM23K mutants. This figure compares the 
rate constants of unisite catalysis affected by the 0E381C mutation and 
by cross-linking, with those previously reported for the 7TIO6C and 
yM23K mutations. The data for these other two mutants were taken 
from Refs. 6 and 40, respectively. 



similar and direct effect on catalysis in the highest affinity site, 
as would be expected if 7 subunit binding is determined and/or 
is a determinant of nucleotide binding affinities. 

Cross-linking between /3 and y subunits of the mutant 
0E381C which inhibits multisite catalysis by 97%, was found to 
further increase the rate of unisite catalysis to the point that 
the reaction was essentially over within the first few seconds 
under the standard conditions used here. Curve fitting was 
used to analyze the kinetics of unisite catalysis as described 
under "Experimental Procedures." Good fits (S.E. ^ 20% in the 
constants fitted) were obtained for wild type enzyme and for 
mutant, giving values of 0.71 and 0.33 (wt) and 0.84 and 0.84 
(/3E381C) respectively for k„ 2 and £-2- These values are similar 
to those reported earlier for wild type enzymes (35, 40) but 
lower than those of the 7TIO6 mutation (6, 29), presumably due 
to the differences introduced by this mutation and/or its label- 
ing with a fluorescent probe. The kinetics of unisite catalysis 
after cross-linking of /3E381C was so fast that no satisfactory fit 
could be obtained (S.E. > ,50% in k +2 and k_ 2 ), therefore it 
remains unclear if cross-linking alters these two rate 
constants. 

As shown in Fig. 3, the effect of covalently linking /3Cys-381 
to 7Cys-87 is to increase the rate of unisite catalysis to that of 
non-cross-linked enzyme obtained with a cold chase of ATP. 
After cross-linking, the ATP cold chase did not increase the 
observed rate of unisite catalysis. The implication is that ECFt 
from the mutant /3E381C is in a conformation facilitating the 
rapid release of nucleotide and P; that occurs on substrate 
binding in a second or third site. This conformation is then 
stabilized by cross-linking. A similar activation of the high 
affinity catalytic site can be obtained in Rhodospirillum 
rubrum F r ATPase in the presence of Ca 2+ , but in this case, 
multisite ATPase activity is also enhanced (45). Further stud- 
ies are needed to determine if these activated states are struc- 
turally similar. 

The rapid rate of bond cleavage of ATP to ADP + Pj in 
enzyme in which the 7 subunit is covalently linked to a 0 



subunit indicates that rotation of the y/e subunit domain is 
not driven by, and does not require, nucleotide binding, or 
bond cleavage, in the high affinity catalytic site. Additional 
testing requires that methods such as those employed by 
Sabbert et al. (12) or Noji et al. (13) for demonstrating rota- 
tion of the 7 subunit are adapted to unisite conditions. 

An absence of rotation of the yfe subunits driven by ATP 
binding or bond cleavage in the high affinity catalytic site does 
not necessarily rule out that these reactions drive the coupling 
of ATP hydrolysis (or synthesis) to proton translocation. Con- 
formational changes induced by ATP hydrolysis within the 
high affinity catalytic site could be transmitted to the c subunit 
ring and result in translocation of protons without rotation of 
the yldc subunit ring domain (presently, the favored model of 
energy transduction within the ATP synthase (10, 44, 46)). 
Instead, rotation could realign the molecule after each catalytic 
site-driven proton translocation event for the next turnover to 
proceed. In this connection, it is interesting that conforma- 
tional changes have been observed by fluorescent probes at- 
tached at positions 8 and 106 of the 7 subunit which correlate 
with unisite catalysis (6, 29). Critical testing of the rotation of 
the c subunit ring as a function of catalytic site events remains 
an important prerequisite to getting a better understanding of 
the mechanism of the ATP synthase. 
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Cys-87, one of two intrinsic cysteines of the y subunit 
of the Escherichia coli ATP synthase (ECFjFq), is in a 
short segment of this subunit that binds to the bottom 
domain of a 0 subunit close to a glutamate (Glu-381). 
Cys-87 was unreactive to maleimides under all condi- 
tions in wild-type ECFj and ECFjFq but became reactive 
when Glu-381 of 0 was replaced by a cysteine or alanine. 
The reactivity of Cys-87 with maleimides was nucleotide- 
dependent, occurring with ATP or ADP + EDTA in cat- 
alytic sites, in the presence of AMP'PNP + Mg 2+ but not 
with ADP + Mg 2+ bound, whether P t was present or not, 
and not when nucleotide binding sites were empty. 
Binding of AT-ethylmaleimide had no effect, whereas 
7-diethyl-amino-3-(4'-maleimidyIphenyl)-4-methylcou- 
marin increased the ATPase activity of ECF! more than 
2-fold by reaction with Cys-87. In ECF^o, these reagents 
inhibited activity. The nucleotide dependence of the re- 
action of Cys-87 of the y subunit depended on the pres- 
ence of the e subunit. In c subunit-free ECF^ maleimides 
reacted with Cys-87 under all nucleotide conditions, in- 
cluding when catalytic sites were empty. These results 
are discussed in terms of nucleotide-dependent move- 
ments of the y subunit during functioning of the FiF 0 - 
type ATPase. 



F x F 0 -type ATPases catalyze oxidative or photo-phosphoryla- 
tion by using a transmembrane proton motive force to drive 
ATP synthesis (reviewed in Senior, 1988; Futai et al., 1989; 
Hatefi, 1993). In the reverse direction, these enzymes use ATP 
hydrolysis to generate a proton gradient that can be used in ion 
transport processes. The simplest FjFo-type ATPases are found 
in bacteria. The hydrophilic F t part of the Escherichia coli 
enzyme (ECFJ 1 contains five different subunits in the stoichi- 
ometry a 3, )33, 7, 6, and e, whereas the membrane-integrated 
F 0 part (ECFq) contains three different subunits in the molar 
ratio al, b2, clO-12. 

As first demonstrated by electron microscopy studies (Tiedge 
era/., 1985; Gogol etal., 1989a, 1989b), the three a and three 0 
subunits alternate in a hexagonal arrangement surrounding a 
central cavity containing the 7 subunit. The recent high reso- 
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lution structure of the beef heart Fj (MF,) confirms this ar- 
rangement and shows that the part of the 7 subunit within the 
ar 3 /3 3 domain is in the form of two large a helices, one provided 
by residues 1-45 (ECFj numbering system) and the other by 
residues 223-286 (Abrahams etal. 1994). A third short a helix 
of the 7 subunit has been resolved in the x-ray analysis (Abra- 
hams et al. 1994). This short segment of residues 82-99, in- 
cluding an intrinsic Cys residue (Cys-87), binds to the so-called 
DELSEED region (residues 380-386) of one of the /3 subunits. 

Recent evidence indicates that the 7 subunit runs from 
within the a 3 j3 3 domain of the F! through the stalk region that 
connects the F x to F 0 (Gogol et al., 1987; Lucken etal., 1990) 
and binds to the c subunits of the F 0 that are a part of the 
proton channel (Watts et al., 1995), It is now generally agreed 
that energy coupling within the FjF 0 complex is by conforma- 
tional changes involving the stalk-forming subunits, including 
the 7 subunit (reviewed in Boyer, 1993; Capaldi et al., 1994). 
Previously, we have provided evidence of nucleotide-dependent 
conformational changes in the 7 subunit around Cys residues 
site-directed into positions 8 and 106 of this subunit (Aggeler 
and Capaldi, 1992, 1993; Turina and Capaldi, 1994a, 1994b). 
Here, we describe studies in which one of the two intrinsic Cys 
residues of the 7 subunit is reacted with various maleimides in 
both ECFj and ECFjFq. This residue, shown to be Cys-87, is 
shielded in wild-type enzyme but becomes available for reac- 
tion in ECFj (and ECFjFq) when Glu-381 of the 0 subunit is 
replaced by a smaller side chain, e.g. by a Cys or an Ala. The 
interaction of the short a helix of 7 with the DELSEED region 
is shown to be nucleotide-dependent and, as with ATP hydrol- 
ysis-driven structural changes already observed at residues 8 
or 106, requires binding of the c subunit. 

EXPERIMENTAL PROCEDURES 

Materials — CM and BM were obtained from Molecular Probes; Seph- 
adex G-50 was purchased from Pharmacia Biotech Inc.; all other chem- 
icals were of analytical grade and obtained from Sigma. 

Plasmids and Bacteria Strains—Routine cloning was carried out in 
XL1 -Blue and site- directed mutagenesis in CJ236 according to Kunkel 
et al. (1987). Mutant ATPase and ATP synthase was isolated from 
AN888 (unc), transformed with unc operon containing plasmids. 

The Cys residue at position 87 of the 7 subunit was replaced with Ser 
by using M13mpl8 that contained the 1.4-kb EcoRUSmal fragment 
(Aggeler and Capaldi, 1992) and the oligonucleotide GACCGTGGTTT- 
GAGCGGTGGTTTG. Successful mutagenesis was shown by testing for 
the newly created BsrBl restriction site. The mutation was incorpo- 
rated In an unc operon-containing plasmid in two steps, (i) The 1.1 -kb 
Sful/EcoRl fragment from M13mpl8 was inserted in the pBluescript 
derivative pRA13 (Aggeler et al., 1995). (ii) The 2,8-kb Ss&IXhd frag- 
ment of this plasmid was then introduced in pRA134 (Aggeler et al., 
1995), creating pRA149 with the mutation 0E381C/tC87S/cS1O8C. 

The Glu in position 381 of the 0 subunit was replaced with an Ala by 
using M13mpl8 that contained the 1.01-kb Nco\ insert, described in 
Aggeler et al. (1992), and the oligonucleotide TTCTTC AG AC AAT- 
GCATCCATACC (nucleotide A was introduced to obtain a new NsA 
restriction site for analysis). The Ncol fragment was introduced in 
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pRA13 and then the 5.8-kb Xhd/Nsil fragment in pRAlOO (Aggeler et 
al., 1992), creating pRA155 with the mutation 0E381A. 

The mutants 0E381C and 0E381C/eSlO8C have been described al- 
ready (Aggeler et al. t 1995). 

Preparation of ECF t and ECFjF 0 — ECF, was isolated by a modifica- 
tion of the method of Wise et al. (1981) described in Gogol et a]. (1989b). 
The enzyme was precipitated for 1 h at 4 °C in 70% (NHJaSO^ pelleted 
by centrifugation at 10,000 x g for 15 min, and the protein then 
dissolved in 50 mM MOPS, pH 7.0, 0.5 mM EDTA, and 10% glycerol (v/v). 
Loosely bound nucleotides were removed by passing samples of enzyme 
through two consecutive centrifuge columns (Sephadex G-50, fine, 0.5 X 
5.5 cm) (Penefsky, 1977) equilibrated in the same buffer. The resulting 
ECF, preparations retain 1.6-1.8 mol of ADP + ATP bound in noncata- 
lytic sites (see also Haughton and Capaldi, 1995). ECFiF 0 was prepared 
according to Foster and Fillingame (1979) with modifications described 
in Aggeler et al. (1987). This ATP synthase was reconstituted into 
egg-lecithin vesicles by the method described in Aggeler ef al. (1995). 

Malelmlde Reaction of ECF j and ECF } F 0 — For modification by ma- 
leimides, nucleotide- depleted ECF, (2-3 jjlM) was equilibrated at room 
temperature in 50 mM MOPS, pH 7.0, 0.5 mM EDTA, and 10% glycerol 
{v/v) buffer for 0.5-1 h. After addition of nucleotide, as stated, the 
enzyme was incubated for 5 min before the various maleimides were 
added. Samples were incubated in the dark at room temperature and at 
specific time intervals, aliquots withdrawn, and the reaction quenched 
by the addition of 20 mM DTT. The reaction of ECF,F 0 with maleimides 
was done similarly, except in 50 mM MOPS, pH 7.0, 5 mM MgCl 2 , and 
10% glycerol. Labeling of ECF! from the mutant 0E381C with 
[ 14 C]NEM (DuPont NEN) was conducted in 50 mM MOPS, pH 7.0, 0.5 
mM EDTA, 10% glycerol, in the presence of different nucleotides as 
indicated, using 20 /iM of the maleimide. Data were analyzed as de- 
scribed in Haughton and Capaldi (1995). 

Other Methods— ATPase activity was measured with a regenerating 
system described by Lotscher et al. (1984). e-Depleted ECF, was pre- 
pared according to Dunn (1986) but using Sephacryl S300 (Pharmacia) 
followed by two passages through an c-4 monoclonal antibody affinity 
column. Protein concentrations were determined with the BCA protein 
assay (Pierce Chemical Co.). SDS-polyacrylamide gel electrophoresis 
was performed with a 10-18% SDS-containing gradient gel (Laemmli, 
1970). Protein bands on gels were stained with Coomassie Brilliant 
Blue R (Downer et al., 1976). 

RESULTS 

Cys-87 of the y Subunit shows a Nucleotide-dependent Reac- 
tivity with Maleimides When Glu-381 of $ Is Mutated to a 
Smaller Residue — In earlier studies, using the mutant 
0E381C, we had noted that an intrinsic Cys of the y subunit 
was reactive to various maleimides. This preliminary observa- 
tion was followed up as an approach to examining the confor- 
mation of the y subunit under different nucleotide conditions. 
As shown in Fig. 1 , there was incorporation of [ 14 C]NEM into 
the y subunit of ECF, isolated from the mutant /3E381C when 
the reaction was carried out in ATP + EDTA, but no significant 
labeling if the reaction was carried out in EDTA alone (no 
nucleotide in catalytic sites) or in ADP + Mg 2+ + P,. In these 
experiments, NEM was incorporated rapidly into the Cys at 
position 381 of 0, as well as into the 6 subunit (not shown). The 
8 subunit is reactive to maleimides in wild-type ECF,, but its 
modification (at Cys- 140) has no effect on activity (Mendel- 
Hartvig and Capaldi, 1991; Ziegler et al., 1994). Activity meas- 
urements showed that NEM incorporation, into either the y 
subunit, or into Cys-381 of 0, or both, activated the enzyme 
more than 2-fold. In contrast, CM modification of one or both 
sites caused essentially full inhibition (Fig. 213). 

Recently, Duncan et al. (1995a. 1995b) used a mutant 
/3D380C/tC87S to distinguish which of the two Cys in the y 
subunit (Cys-87 or Cys-112) was involved in disulfide bond 
cross-linking between y and the 0 DELSEED region. Following 
the same approach, we constructed the mutant j3E381 C/yC87S/ 
eS108C to identify which of the intrinsic Cys in y was being 
reacted by maleimides. There was reactivity of the 0 subunit in 
the Cys at 381 and modification of both 5 and c (via Cys- 108) 
but no labeling of the y subunit by CM in this mutant (Fig. 3, 
lanes 10 and 11). Therefore, Cys-87 must be the site of male- 
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Fig. 1. Labeling of ECF! from the mutant 0E381C with 
[ l4 C]NEM. Enzyme was reacted with 20 fjM [ 14 C]NEM in the presence 
of 5 mM ATP + 0.5 mM EDTA {closed squares), 5 mM ATP + 5.5 mM 
MgCl 2 {open circles), or with no nucleotide additions {closed diamonds), 
and the reaction was stopped at the times Indicated by adding 20 mM 
DTT. The y subunit was excised from a polyacrylamide gel and radio- 
activity counted. 
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Fig. 2. Effect of maleimides on the ATPase activity of mutants. 
ECF! preparations equilibrated in MOPS buffer, pH 7.0, containing 
10% glycerol, 2.5 mM ATP, 0.5 mM EDTA were incubated with 100 jam 
NEM {hatched), CM {cross-hatched), or BM. The ATPase activity deter- 
mined after 3 h incubation with the different maleimides is presented 
relative to the basal unmodified enzyme {open). A, ECF, from wild- type; 
B, ECF, from 0E381C; C, ECF, from 0E381C/7C87S/eSlO8C; D, ECF, 
from 0E381A: E, e-free ECF, from 0E381A; F, e-free ECF, from 
0E381C/tC87S/€S1O8C; G, ECF^from 0E381A. 



imide incorporation into the y subunit. CM modification of the 
mutant 0E381C/yC87S/€SlO8C reduced the ATPase activity by 
90% (Fig. 2Q. This inhibition is not due to modification of 
Cys-51 40 as discussed above. Moreover, CM modification of the 
ECF, isolated from mutant 6S108C had no effect on activity 
(result not shown). Therefore, it must be modification of Cys- 
381 in the DELSEED region of the 0 subunit that caused the 
observed inhibition of activity in this mutant. 

To explore the reactivity of Cys-87 more fully, the mutant 
0E381A was prepared. This change preserves the short side 
chain but avoids a maleimide-reactive cysteine in the )3 sub- 
unit. The reactivity of Cys-87 with CM under different nucle- 
otide conditions is shown in Fig. 3 (lanes 1-3). There was rapid 
and strong incorporation of CM in EDTA + ATP, EDTA + 
ADP, or AMP'PNP + Mg 2+ , a low incorporation of reagent in 
EDTA or Mg 2+ alone, but essentially no modification of y with 
Mg 2+ + ADP-bound, either when added directly, or as gener- 
ated on the protein by addition of ATP + Mg z+ followed by 
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FIG. 3. CM reactivity of 0E381 A and pE381C/yC87S/eS108C mu 
tant ECF, preparations under different nucleotide conditions. 
ECFj from the mutant 0E381 A, treated to remove loosely bound nucle- 
otides as described under "Experimental Procedures," was reacted with 
100 jiM CM for 6 h in a buffer containing 50 mM MOPS, pH 7.0, 10% 
glycerol, and 0.5 mM EDTA with 2 mM Mg^ + 2 mM ADP {lane /), 2 mM 
Mg 2 * + 2.5 mM ATP {lane 2), 2 mM Mg? + {lane 3), without additions 
{lane 4), 2 mM ADP {lane 5), 2.5 mM ATP {lane 6) , 2 mM AMP-PNP {lane 
/),2mM Mg 2 * + 2 mM AMP-PNP {lane 8). ECFi from the mutant 
0E381C/tC87S/€S1O8C treated as for 0E381A was reacted with 100 jam 
CM for 6 h in the presence of 2.5 mM ATP {lane 10) or 2 mM Mg 2 * + 2.5 
mM ATP {lane If). The reaction was quenched by 20 mM DTT. Lanes 
1-8 contain 75 /ig of protein. Lanes Wand 11 contain 50 /ig of protein. 
Lane 9 contained molecular weight markers. The left side shows Coo 
massie Blue staining and the right side shows the fluorescence pattern. 

enzyme turnover. Reaction of the y subunit with NEM in en- 
zyme from the mutant /3E381A had no effect on activity. In 
contrast, CM modification caused almost 2.5-fold activation of 
the ATPase activity (Fig. 2D) compared with almost full inhi- 
bition when both Cys-87 and the Cys at residue 381 of /3 were 
modified. 

Nucleotide Dependence of the Reactivity ofy Cys-87 Is Lost in 
e-Free ECF } — The reactivity of CM was monitored in ECF t 
from the mutant /3E381A that had been freed of c subunit by 
affinity chromatography with a monoclonal antibody against 
the e subunit (Dunn, 1986). Fig. 4 shows that Cys-87 is labeled 
by CM under all nucleotide conditions including ADP + Mg 2+ 
or AMP-PNP + Mg 2+ . This site was also labeled by CM in 
EDTA or Mg 2+ alone (results not shown). The ATPase activity 
of the e-free ECFj from mutant /3E381 A was high, i.e. 70 /xmol 
of ATP hydrolyzed per min per mg. There was no significant 
increase in the activity on reaction of CM (Fig. 2£), in contrast 
to the activation observed with enzyme that had not been freed 
of c subunit. 

In another set of experiments, the effect of removing the e 
subunit on the inhibition of ATPase activity by CM was inves- 
tigated in the mutant )3E381C/yC87S/€S108C. As shown in Fig. 
2F t CM inhibited e-free ECF! from this mutant. Therefore, it is 
the interaction between 0 and y, rather than between 0 and e, 
which is perturbed when the Cys at residue 381 of 0 is reacted 
with CM. 

Cys-87 Is Reactive to Various Maleimides in ECFjF 0 from the 
Mutant 0£3SL4— ECF,F 0 purified from the mutant 0E381A 
had normal ATPase activity, i.e. around 20 junol of ATP hy- 
drolyzed per min per mg protein, which was inhibited to 90% by 
50 jim dicyclohexylcarbodiimide, results similar to those ob- 
tained with wild-type enzyme. Reaction of this preparation 
with CM gave a similar pattern of labeling to that with ECF! 
from this mutant, i.e. strong labeling of the y subunit in 
AMP-PNP + Mg 2+ , but little or none in Mg 2+ alone, or in ADP 
+ Mg 2+ (result not shown). There was also some reaction of the 
reagent with the 5 subunit, but no significant reaction of the 
intrinsic Cys in the b subunit under the labeling conditions 
employed. Fig. 2G summarizes the effects on the ATPase ac- 
tivity of modification by three different maleimides. Modifica- 
tion by NEM, CM, and BM all led to an inhibition of activity 
that was not seen with wild-type ECF,F 0 , indicating that the 
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Fig. 4, CM labeling of e-free ECF t from the mutant 0E381A. 
ECFj from the mutant 0E381A depleted of nucleotides as described 
under "Experimental Procedures" was reacted with 100 /iM CM in the 
dark at room temperature for 6 h in 50 mM MOPS, pH 7.0, 0.5 mM 
EDTA, 10% glycerol, after addition of 2.5 mM ATP {lane i),2mM Mg 2 * 
+ 2.5 mM ATP {lane 2), 2 mM Mg 2 * + 2 mM ADP {lane 3), or 2 mM Mg 2 * 
+ 2 mM AMP-PNP {lane 4). The labeling was quenched by 20 mM DTT. 
25 jig of enzyme was applied per lane. 

effect is due to reaction of Cys-87 and not Cys- 140 of the 5 
subunit. The highest amount of inhibition was with the BM 
(more than 90%). 

DISCUSSION 

Cys-87 is at the end of a short a helix of the y subunit that 
interacts with the so-called DELSEED region of the )3 subunit 
(Abrahams et al. 1994). We have found that Cys-87 can be 
cross-linked in essentially 100% yield by disulfide bond forma- 
tion to a Cys replacing Glu at 381 (Aggeler et al., 1995), indi- 
cating the close proximity of the two residues, consistent with 
the ~ 4- A spacing from side chain S to S, estimated from the 
x-ray structural data (Abrahams etal. t 1994). Cys-87 is buried 
in wild-type ECF! and ECFiF 0 . However, when Glu -381 of the 
)3 subunit is exchanged for a smaller and uncharged side chain, 
such as Cys or Ala, this residue of 7 becomes exposed for 
reaction with maleimides at least as large as CM. This expo- 
sure is nucleotide -dependent. 

In enzyme from which catalytic site nucleotide has been 
removed, Cys-87 is essentially buried. Addition of nucleotide, 
either ADP or ATP in the presence of EDTA, exposes Cys-87 for 
reaction with various maleimides. In the absence of Mg 2+ , the 
binding constants for nucleotide in each of the three catalytic 
sites, including that in the 0 which is linked to the short a helix 
of y, is around 100 ptM (Weber et al., 1994; Gruber and Capaldi, 
1996), similar to that of isolated )3 subunit, suggesting an open 
arrangement of the sites (as in 0 E in the structure of MFJ. In 
the presence of Mg z+ , Cys-87 is exposed when ATP is bound, as 
demonstrated by the data for AMP-PNP, but the residue is 
buried in ADP or ADP + P t . It appears, therefore, that the 
short a helix undergoes a release or reorganization that ex- 
poses Cys-87 when the catalytic sites are all open, or when ATP 
is bound, and that this is reversed on ATP hydrolysis. 

A conformational change of the 7 subunit related to ATP 
binding and hydrolysis has been seen previously by changes in 
cross-linking from a Cys introduced at position 8 of the y 
subunit (in the long N-terminal a helix) with the j3 subunit(s) 
(Aggeler and Capaldi, 1993). This process has also been fol- 
lowed by fluorescence changes of CM bound to either the Cys 
introduced at position 8 or another Cys introduced at residue 
106 of the y subunit (Turina and Capaldi, 1994a, 1994b). Flu- 
orescence measurements under unisite catalysis conditions 
showed that the conformational change in the y subunit occurs 
with bond cleavage of ATP to product ADP*Pi, rather than with 
Pi release (Turina and Capaldi, 1994a, 1994b). 

Importantly, the conformational rearrangements observed 
here by changes in the reaction of Cys-87 were lost on removal 
of the e subunit. Without the e subunit bound. Cys-87 is ex- 
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posed for reaction under all nucleotide conditions, including 
when catalytic sites are empty. The conformational changes 
observed for Cys-8 by cross-linking and from both Cys-8 and 
Cys-106 by fluorescence measurements were also lost when the 
e subunit was removed (Aggeler and Capaldi, 1993; Turina and 
Capaldi, 1994a). The enzyme continues to show highly cooper- 
ative ATPase activity in the absence of the e subunit. The 
implication, therefore, is that the c subunit in some way con- 
trols or regulates structural changes in the y subunit, and 
these changes are likely a part of the energy transduction 
mechanism. 

The second interesting aspect of the reactivity of Cys-87 is 
the effect on activity of the enzyme. When Glu-381 is replaced 
by an Ala, reaction of Cys-87 with NEM has very little effect in 
isolated ECF 1( whereas incorporation of CM activates the en- 
zyme around 2. 5 -fold. This activation is related to e subunit 
binding, as it is lost when the e subunit is removed. By contrast, 
the reaction of Cys-87 in ECF^ with either NEM or CM leads 
to inhibition of ATPase activity by 50% or more, while modifi- 
cation by BM induces almost full inhibition. These results for 
ECFj and ECF^q can be compared with data for CFj and 
CF,F 0 . In the chloroplast enzyme, the equivalent residue of 
Cys-87, numbered Cys-89, is reactive to NEM even with a Glu 
in the DELSEED region (McCarty and Fagan, 1973; Moroney 
et al., 1984; Soteropoulos et al., 1994). Reaction of NEM with 
Cys-89 occurs in thylakoid membranes when these are ener- 
gized by light (/.e. when ATP is being made) and does not occur 
in the dark (with ADP bound) (McCarty and Fagan, 1973). 
However, CFj isolated from thylakoids modified with NEM in 
the light is inhibited by the reagent, as is the ATPase activity 
of the membrane-bound enzyme (Soteropoulos et al., 1994). 

Recent results by Soteropoulos et al. (1994) have shown an 
altered affinity of catalytic sites for ADP in CV X that has been 
modified with NEM, leading these authors to propose that 
inhibition is due to altered binding of nucleotides in one, or 
more, catalytic sites. This cannot explain the activity effects 
with ECF^ as the modification of Cys-87 by CM activates the 
enzyme when the c subunit is present and gives the same 
activity as unmodified enzyme in e-free ECFj. Rather, the 
effect of modification of Cys-87 seems to be a steric effect, based 
on the results with ECFjF 0 from the mutant 0E381A, where 
inhibition occurs with any of the maleimides used. Studies with 
the mutant /3E38 1 C/yC87S/eS 1 08C also point to the impor- 
tance of steric constraints for conformational changes involving 
the short or helix of y and DELSEED region of 0. Modification 
of a Cys-at 381 in the 0 subunit with NEM activated, whereas 
reaction of this site with CM causes a dramatic inhibition of 
activity. 

Taken together, the nucleotide dependence and activity ef- 
fects suggest that there is a loosening and possibly a release of 
the y subunit at its catch region with a j3 subunit on ATP 
binding, which is reversed on ADP formation. Such a release, 



followed by rebinding, may be a part of coupling catalytic sites 
with the proton channel and would be a necessary step if the y 
subunit moves relative to the domain, as suggested by the 
structural features of the enzyme (Abrahams et al., 1994) and 
as visualized by electron microscopy (Gogol et al., 1990) and, 
more recently, by biochemical methods (Duncan et al., 1995a, 
1995b). 
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7. A. L Casselman and J. B. Nasrallah, unpublished data. 

8. J. A. Conner, P. Conner, M. L Nasrallah, J. B. Nasrallah, 
Plant Celt 10. 801 (1998). 

9. cDNA libraries were constructed with the XUNIZAP 
phagemfd system (Stratagene). Hybridization condi- 
tions for RNA and DNA gel blots were as described 
[D. C Boyes, C-H. Chen, T. Tantikanjana, J. J. Esch, 
J. B. Nasrallah, Genetics 127, 221 (1991)] except that 
washes (each 20 min at 6S°C) were extended by 
using successively 2X SET. 0.5% SDS and IX SET, 
0.1% SDS and 0.2X SET, and 0.1% SDS. unless indi- 
cated otherwise. 

10. The S^S 6 F 2 population was derived from a cross 
between B. oleracea S 6 S 6 and S Z S 2 homozygotes. The 
genotypes and SI phenotypes of 1 53 individual plants 
had been determined previously. Gel blot analysis of 
Hind Ill-digested genomic DNA revealed coinciding 
hybridization patterns for SLGg- and SCff ^-specific 
probes. All 116 plants hybridizing to SLG 6 also hy- 
bridized to SCR 6 , whereas all 37 plants devoid of SLG 6 
also tacked SCR 6 . Similarly. 80 plants of an F 2 popu- 
lation segregating for S 6 and S, 3 were genotyped by 
hybridization of Hind Ill-digested genomic DNA with 
SLG 6 - and SLG jj-specific probes. Hybridization with 
an SCR fJ -spectfic probe revealed that 34 SLG 13 -con- 
taining plants contained SCR, ^ in contrast to 46 
plants lacking both SLG J3 and SCRj* 

11. The fi. campestris S 9 haplotype also appears to con- 
tain an SCR- related sequence [G, Suzuki et at. Ge- 
netics 153. 391 (1999)1. ■ 



ATP is the universal biological energy cur- 
rency. ATP synthase produces ATP from 
adenosine diphosphate (ADP) and inorganic 
phosphate with the use of energy from a 
transmembrane proton-motive force generat- 
ed by respiration or photosynthesis [for re- 
views, see {1-3)]. The enzyme consists of an 
extramembranous F, catalytic domain linked 
by means of a central stalk to an intrinsic 
membrane domain called F 0 . The globular F, 
domain is an assembly of five different sub- 
units with the stoichiometry ot 3 p 3 7 ,&,£,. In 
the atomic structure of bovine F, , the a and 0 
subunits are arranged alternately around a 
coiled coil of two antiparallel a helices in the 
7 subunit. The catalytic sites are in the f$ 
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12. Polyadenylated RNA was analyzed as in (2, 9). Micro- 
spores were staged by DAP1 (4'.6'-diamidino-2-phe- 
nylindole) staining [S. Detchepare, P. Heizmann, C 
Dumas. / Plant Physiol. 135, 129 (1989)] and purified 
as described [D. C. Boyes and J. B. Nasrallah, Plant 
Cell 7. 1283 (1995)1 

13. J. B. Nasrallah er a/, Ann. Bot., in press. 

14. As host for the transformation of the SCR 6 cDNA. we 
chose a B. oleracea S ? S Z homozygote. Besides ease of 
transformation and regeneration, this strain is ex- 
pected to have an endogenous SCR allele with only 
low sequence similarity to the transgene, which re- 
duces the risk of homology-dependent gene silencing 
(Fig. 2A). The transformation construct contained the 
SCR 6 cDNA preceded by the SCR a 1.3-kb upstream 
region and followed by the nos terminator. After 
introducing appropriate restriction sites by polymer- 
ase chain reaction followed by DNA sequence anal- 
ysis, both SCR fragments were assembled as a tran- 
scriptional fusion in pCR2-1 (Invitrogen) and sub- 
cloned as a 1.7- kb Hind Ill-Sac I fragment Into pCAM- 
BIA1300 upstream of an Eco Rh-Sac I nos promoter. 
After mobilization into Agro bacterium tumefadens 
strain CV3101, the construct was used for transfor- 
mation of flower stem disks of the fi. oleracea S £ S 2 
strain, as described [K. Toriyama, J. C. Stein, M. E. 
Nasrallah, J. B. Nasrallah, Theor. Appi Genet. 81, 769 
(1991)], applying hygromycin selection. The indepen- 
dent origin of the transformants was verified by DNA 
gel blot analysis. 



subunits at the ct/0 subunit interface (4). The 
remainder of the 7 subunit protrudes from the 
ot 3 p 3 assembly and can be cross linked to the 
polar loop region of the c subunits in F 0 (5, 
6). In mitochondria, the 8 and e subunits are 
associated with the 7 subunit in the central 
stalk assembly (7-7/3), as are the bacterial and 
chloroplast e subunits. the counterparts of 
mitochondrial 8. ATP-de pendent rotation of 
7 and e within an immobilized ot 3 p 3 complex 
from the thermophilic bacterium Bacillus 
PS3 has been observed directly (//, 12). The 
rotation of the 7 subunit in ATP synthase is 
thought to be generated by the passage of 
protons through F 0 . Because there is only one 
intrinsically asymmetric 7 subunit, it inter- 
acts differently with each of the three cata- 
lytic p subunits in F p endowing them with 
different nucleotide affinities (4). Rotation of 
the central stalk is accompanied by confor- 
mational changes in the p subunits, which 
cycle sequentially through structural states 
corresponding to low, medium, and high nu- 
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cleotide affinities. These three states are 
probably associated with release of product 
(ATP), binding of substrates (ADP and inor- 
ganic phosphate), and ATP formation, re- 
spectively. The cycle is known as the "bind- 
ing change mechanism" of ATP synthesis 
(13). In eubacteria, the procedure is revers- 
ible, and hydrolysis of ATP in F, generates 
rotation of 7, resulting in the pumping of 
protons back across the membrane through F 0 
(2). 

In contrast to the detailed structural model 
established for most of the bovine F, domain 
(4, 14 -16) and additional structural informa- 
tion in other species (17, IS), little is known 
about the stiuctural details of F 0 . All species 
contain three common subunits known as a, 
b, and c. In Escherichia coli, the experimen- 
tally determined ratio of these subunits is 
a,b 2 c 9 _,, (19, 20). Cross-linking and genetic 
experiments (21, 22), as well as evolutionary 
arguments (23), have been interpreted as 
showing the presence of 12 c subunits per F 0 . 
From biochemical studies and mutational 
analysis in bacteria (2, 24) and fungi (25), it 
is known that both a and c subunits contain 
functional groups that are essential for proton 
translocation through the membrane. A nu- 
clear magnetic resonance (NMR) structure of 
a monomer of the E. coli c subunit in a 
chloroform:methanol:water mixture shows 
that the protein is folded into two a helices 
(presumed to be transmembrane in the intact 
enzyme), linked by a loop (presumed to be 
extramembranous) (26). The COOH-terminal 
a helix contains a conserved side chain car- 
boxylate (Asp 61 in E. coli and Glu 59 in Sac- 
charomyces cerevisiae) essential for proton 
translocation (2). Models have been proposed 
in which the a and b subunits are on the 



Molecular Architecture of the 
Rotary Motor in ATP Synthase 
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Adenosine triphosphate (ATP) synthase contains a rotary motor involved in 
biological energy conversion. Its membrane-embedded F 0 sector has a rotation 
generator fueled by the proton-motive force, which provides the energy re- 
quired for the synthesis of ATP by the F, domain. An electron density map 
obtained from crystals of a subcomplex of yeast mitochondrial ATP synthase 
shows a ring of 10 c subunits. Each c subunit forms an a-heiical hairpin. The 
interhelical loops of six to seven of the c subunits are in close contact with the 
7 and S subunits of the central stalk. The extensive contact between the c ring 
and the stalk suggests that they may rotate as an ensemble during catalysis. 
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outside of a multimeric ring of c subunits 
within the membrane, with the interface be- 
tween a and c subunits providing the pathway 
for proton translocation (Fig. 1) (27-31). Pro- 
fanation and deprotonation events in this in- 
terface have been proposed as part of a mech- 
anism for generating conformational changes 
in F, (32), possibly through rotation of the c 
ring (33). Because the generation of each 
ATP requires rotation of the y subunit 
through 1 20°, a link has been made between 
the number of protons that must be translo- 
cated per ATP synthesized [estimated to be 
three or four in different systems (34, 35)] 
and the number of c subunits in the ring. The 
required rotation of y through 120° can be 
achieved with either 9 c subunits in the ring 
and 3 translocated protons or 1 2 c subunits in 
the ring and 4 translocated protons (36). It 
has also been proposed that a rotary mecha- 
nism would require a peripheral "stator" to 
counter the tendency of a t p 3 to follow the 
rotation of 7 (36). It has been suggested that 
the b subunits of F 0 may form part of such a 
stator, and evidence from reconstitution and 
cross-linking studies provides support for this 
hypothesis (37, 38). A feature connecting the 
periphery of F 0 to F, (the peripheral stalk) 
that might represent the stator has been visu- 
alized by single-particle electron microscopy 
of A TP synthase from bacteria, chloroplasts, 
and mitochondria (39-41). 

Structure analysis. In this study, we pu- 
rified ATP synthase from S. cerevisiae mito- 
chondria and carried out crystallization ex- 
periments (42). The enzyme from this source 
consists of at least 13 different types of sub- 
units: the F, subunits a, p, 7, 8, and e; the F 0 
subunits a, b, and c, plus f and d; OSCP and 
ATP8, which have homologs in other mito- 
chondrial ATP synthases; and the unique 
yeast subunit h (43-46). Other possible yeast 
subunits have been discussed as being in- 
volved in dimer formation (47). According to 
analyses by SDS-polyacrylamide gel elec- 
trophoresis (SDS-PAGE), high-performance 
liquid chromatography (HPLC) analysis, and 
N ^-terminal sequencing, the purified com- 
plex used here for crystallization consists of 
subunits a, P, 7, 5, e, b, OSCP, d, a, h, f ; 
ATP 8, and c (in diminishing apparent molec- 
ular weight order for F , and F 0 on SDS gels) 
and is similar to other preparations (46, 48, 
49). Crystals were grown in the presence of 
both ADP and the nonhydrolyzable ATP an- 
alog 5'-adenylyl-irnidodiphosphate (AMP- 
PNP) by the microbatch technique (50) with 
polyethylene glycol 6000 as precipitant (42). 
Subunits a, p, 7, 8, e, and c were detected in 
the crystals by SDS-PAGE, and there was no 
evidence for the presence of the other sub- 
units. It appears that they have dissociated 
from the complex during crystallization, 
leaving a subcoraplex consisting of F, and 10 
copies of subunit c. A similar F,c complex 



has been isolated previously from spinach 
chloroplasts (51). 

The structure was solved by molecular 
replacement with the "stand-alone" version 
of the program AMoRe (52) with data from 
15 to 5 A resolution and the bovine F,- 
adenosine triphosphatase Ca coordinates 
[Protein Data Bank (PDB) accession code 
lbmf (4)] as a search model (Table 1). The 
complete bovine model, positioned according 
to the results of the molecular replacement, 
was used to calculate phases to 3.9 A resolu- 
tion. After solvent density modification with 
the program Solomon/CCP4 (53, 54) assum- 
ing a solvent content of 60%, the a helices of 
the c subunits and extensive additional den- 
sity in the central stalk region could be seen 
in the electron density map (Fig. 2). Because 
of the limited resolution of the x-ray data, the 
side chain density is not clear, but the main 
chain density is generally unambiguous. 

The crystal packing (Fig. 3) is atypical for 
membrane proteins and belongs to neither of 
the types described previously (55). The main 
crystal contacts are between the bottom of a 
ring of 10 c subunits and the pseudo-three- 
fold top of an adjacent F, assembly. The 
hydrophobic external regions of the c oli- 
gomers, which are normally in contact with 
phospholipid, are not involved in any crystal 
contacts and are probably covered by unre- 
solved molecules of detergent. 

Molecular architecture of the F,c 10 
complex. The a and p subunits (73 and 79% 
conserved, respectively, between cow and 
yeast) are well defined in the electron density 
and have similar conformations and nucleo- 
tide compositions to their bovine counter- 
parts. The NH 2 - and COOH-terminal a heli- 
ces of the 7 subunit (40% sequence identity 
to the bovine subunit) extend ~-25 A farther 
than in the bovine model toward the c sub- 
units, where they make a sharp bend. In the 
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bovine F, structure, this part of the 7 subunit 
and also subunits 8 and e were disordered. 
There is additional density adjacent to the 
lower segment of the NH 2 -terminal a helix of 
the 7 subunit that extends over the c subunits 
(Fig. 2B), which can be interpreted with the 
crystal structure of the E. coli e subunit (26% 
sequence identity to the yeast 8 subunit) (56) 
(PDB accession code laqt). The 10 strands of 
the p barrel are visible in the yeast electron 
density, with p strand 4 and the following 
loop (residues 31 to 39 in E. coli numbering) 
packing against the c subunits and p strands 
5. 8, 9, and the loop between p strands 1 and 
2 (residues 39 to 42, 68 to 73, 74 to 79, and 
9 to 14, respectively) in contact with the 7 
subunit. The lower a helix (COOH-terminal) 
lies about 5 A above the c subunits, and the 
upper a helix is closer to the a 3 p 3 subcom- 
plex, extending into the solvent. This inter- 
pretation of the yeast electron density is in 
general agreement with a previous model of 
the E. coli F,c complex (56) and with cross- 
linking studies (57), although it cannot ex- 
plain cross linking between the E. coli e 
subunit and the DELSEED region of a P 
subunit (9). 

The electron densities of individual c sub- 
units show that they consist of two a helices, 
linked by a loop. There is no interpretable 
side chain density, and the density could not 
be improved by modeling the subunits as 
polyalanine or by averaging. Therefore, it is 
not yet possible to build an unambiguous 
atomic model. The electron density is consis- 
tent with the NMR structure of the E. coli 
monomer determined in a chloroform :meth- 
anokwater mixture (26) (PDB accession code 
la91). Although the overall shape of the E. 
coli and the yeast c monomers is similar, the 
E. coli structure is not a perfect match to the 
yeast density (Fig. 2B). This could be due to 
the low sequence conservation (23% identity) 



Fig. 1. Hypothetical 
model for the genera- 
tion of rotation by pro- 
ton transport through 



c subunits 





synthase [according to 
Junge (33)]. The central 
cylinder (blue) consists 
of c subunits; the exter- 
nal part (green) corre- 
sponds to a single a 
subunit The red line in- 
dicates the proton 
path. [Reproduced with 
kind permission of the 
Swedish Academy of 
Sciences.] 
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between the two species, or it could, at least in 
part, arise from the contacts between neighbor- 
ing protomers. The 10 c protomers are packed 
tightly against each other, forming two rings of 
single a helices (see Fig. 2C). The outer a 
helices are kinked in the middle, making the 
cylindrical outer surface of the oligomer slight- 
ly concave. Despite the absence of clear side 
chain density, it is possible to assign the a 

Fig. 2. Stereo views of an electron density map 
of the yeast F 1 c 10 complex The solvent flat- 
tened map was calculated at 3.9 A resolution 
and contoured at 1.5 a. (A) Side view contain- 
ing the bovine F 1 Ca model (with a in orange, 
p in yellow, and y in green). The density of 
symmetry-related molecules in the crystal is 
masked out. The inset indicates the location of 
the subunits within the complex. The location 
of the section shown in (C) is indicated by the 
white box; the direction of the view is indicated 
by the arrow. The presumed membrane region 
(M) (2) is marked by the two dotted lines. The 
c subunits are numbered 3, 2, 1, 10, and 9 (the 
best ordered c subunit was chosen as number 
1). The overall height of the complex is ~190 
A, of which the a 3 j3 3 subcomplex accounts for 
83 A, the stalk for 50 A, and the c subunits for 
58 A. (B) Enlarged view of the S/*y-c contact 
region with the model (and numbering) of the 
£. coli e subunit (in red) and the f. coli c 
subunit (in white) fitted into the density, con- 
toured at 1.0 a. The white box in the inset 
indicates the location of the displayed section 
within the complex. (C) End-on view of the 
density of the c ring. The inset shows the 
location of the a, [3, y, and 8 subunits in 
relation to the c subunits. The helices of the c 
subunit are drawn as blue circles, the larger 
outer circles accounting for the larger side 
chains in the COO H -terminal helix. The outer 
diameter of the c ring is 55 A (top) to 42 A 
(equator) to 45 A (bottom), and the inner 
diameter is 27 A (top) to 1 7 A (equator) to 22 
A (bottom). The dimensions exclude consider- 
ation of unresolved regions of density, includ- 
ing amino acid side chains and detergent or 
lipid molecules. The two regions of density near 
subunit 10 are not extensive and are likely to 
be noise. 



helices forming the inner and outer rings to the 
NH 2 -terminal and COOH-terminal regions, re- 
spectively, as follows. Cysteine residues intro- 
duced at positions 40, 42, and 44 of the R coli 
c subunit (equivalent to 38, 40, and 42 in yeast) 
can be cross linked to the e subunit in the E. coli 
enzyme and are therefore thought to lie in the 
polar loop between the two a helices (57). The 
density for the inner a helix is 58 A long and 



would accommodate 39 residues in an a -helical 
conformation, consistent with residues 40 to 44 
forming the polar loop. The density for the 
outer a helix is 47 A long. This would accom- 
modate 31 residues in an a-helical conforma- 
tion, which is in excellent agreement with the 
total of 76 residues in the yeast c subunit. The 
kink of about 23° in the COOH-tenninal a 
helix is around Gly 62 (equivalent to Pro 64 in E. 
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coli). This arrangement would also place the 
glycine/alanine-rich NHj-tenninal a helix in 
the inner ring and accommodate the larger side 
cliains of the COOH-termiiial a helix in the 
outer ring. Because of the lack of side chain 
density, the conserved carboxylate (Glu 59 ) can- 
not be placed with certainty, but it would lie 
about halfway along the outer COOH-terminal 
a helix. The resulting model shares many fea- 
tures in common with that proposed for the E. 
coli ring of c subunits (58), except that the latter 
contains 12 rather than 10 copies. It differs from 
an alternative model (59, 60), which placed the 
NHj-terminal helices on the outside. A model 
for the c subunit of the sodium-driven enzyme 
from Propionigeniwn modestum based on 
NMR data consists of four distinct ot-helical 
segments with the conserved carboxylate locat- 
ed near the cytoplasmic membrane surface (61). 
There is no evidence for four distinct a helices 
in the yeast density, and the conserved carbox- 
ylate would appear to lie more centrally within 
the membrane, although the position of the 



membrane boundary cannot be defined with 
certainty. 

The 10 c subunits form an almost sym- 
metrical ring, although the density for sub- 
units 6, 1, and 8 is weaker, as seen from the 
asymmetrical appearance of the electron den- 
sity (Fig. 2C). The central cavity of the c 
oligomer contains a region of elongated elec- 
tron density, which is stronger in the upper 
and lower thirds of the cylinder than in the 
center (Fig. 2C). The origin of this density is 
not clear, but the need to maintain a semiper- 
meable membrane in vivo suggests that the 
cavity might be filled with phospholipid. 

The polar loop regions of five of the c 
subunits (cl to c5) are covered by the 8 subunit 
(Fig. 2B). Two loops (c2 and c3) are in intimate 
contact, probably involving hydrogen bonds be- 
tween pairs of main chain atoms, and another 
three (cl, c4, and c5) could form side chain 
contacts to either the f} barrel of the 8 subunit or 
the lower of its two a helices. The 7 subunit 
probably makes side chain contacts to one or 



two further c subunits (c9 and clO) and to one 
subunit (cl) that is also in contact with the (S 
barrel of the 8 subunit. Therefore, six or seven 
consecutive c subunits or about two-thirds of 
the top surface of the ring are in contact with the 
foot of the stalk. These c subunits are much 
better defined in the electron density than the 
exposed ones, in which the density is weaker 
and discontinuous. The 62 residues of the yeast 
e subunit could not be assigned unambiguously 
to the density, and about 100 residues of the 7 
subunit remain unassigned, although there is 
extensive uninterpreted electron density both on 
top of the 8 subunit and next to the COOH- 
terminal a helix of 7. 

The extent of the interface between the c 
subunits and the 7 and 6 subunits apparent in 
the electron density map of the yeast F,c l0 
oligomer supports the hypothesis that the 
complex consisting of the 7, 8 (£. coli e), e, 
and c subunits rotates as an ensemble during 
catalysis, but other interpretations are still 
possible. 

Functional implications of the c ring 
stoichiometry. An unexpected feature of the 
electron density map is that the ring of c 
subunits contains 10 protomers and not, as 
widely anticipated, 12 (21-23, 58-60). At 
this stage of the analysis, it is possible that 
some c subunits have been lost from the ring 
during crystallization. However, the extent of 
the interaction between adjacent c subunits 
within the ring makes this unlikely, particu- 
larly as there is no evidence to suggest a 
strong association between subunit c and any 
of the other components of F 0 . In addition, it 
is likely that the crystal contact between the 
ring of c subunits and the pseudo-three-fold 
F, domain would have selected for a popula- 
tion of complexes with 12 c subunits, if 
present. In consequence, the three-fold sym- 
metry of the F, sector and the 10-fold symme- 
try of the c ring within one complex do not 
match. The principle of symmetry mismatch in 




Fig. 3. Stereo view of the crystal packing of the yeast F 1 c 10 complex. A 45 A thick section through 
the crystal perpendicular to the crystallographicy axis is shown. The electron density is contoured 
at 1 .2 o". The red lines mark the x and z axes of the crystal lattice. Alt figures were prepared with 
the program MAIN (72). 



Table 1. Statistics of data collection and structure determination. For data 
collection, the crystals were harvested in a buffer containing 20% glycerol as 
cryo-protectant and then frozen rapidly in liquid nitrogen. The crystals are 
smalt (up to 150 \im in the largest dimension) and diffract x-rays weakly. 
They belong to the monoctinic space group P2 y with unit cell dimensions a = 
135.9 K b = 1753 A, c = 139.2 A, and 0 = 91.6°. Assuming one F lCl0 



complex with 453.2 kD per asymmetric unit, the estimated solvent content is 
66%. A data set was collected to 3.6 A resolution at beamtine ID02B (X = 
0.99 A), at the ESRF, Grenoble. France, with a Mar Research image plate 
detector (1600 pixel mode). The data were processed with MOSFLM (73) and 
SCALA/CCP4 (54). Because of anisotropic diffraction and slight radiation 
damage, the final data set was restricted to 3.9 A resolution. 
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molecular rotary 7 engines has been discussed in 
relation to the DNA translocating machinery of 
bacteriophages (62, 63). During phage assem- 
bly, DNA is injected through the sixfold sym- 
metrical tail into its head (fivefold symmetry 
axis of an icosahedron). The dodecameric head- 
tail connector is believed to rotate with respect 
to the head during DNA packaging (64). The 
symmetry mismatch between the head and the 
connector is thought to facilitate rotation by 
avoiding deeper energy minima that would ac- 
company matching symmetries. Symmetry 
mismatch also appears to be important in the 
bacterial flagellar motor, which, similar to ATP 
synthase, is driven by the proton-motive force 

(65) . A further example of symmetry mismatch 
is found in some ATP-dependent proteases 

(66) , where a rotational mechanism has been 
suggested to contribute to protein unfolding. 
The arrangement of the components of the mo- 
lecular motor in ATP synthase is rather differ- 
ent than that in either the bacteriophage or 
ATP-dependent proteases. In the latter cases, 
there are direct interactions between two lings 
of subunits with different symmetries. In the 
ATP synthase, there are two quite distinct re- 
gions of interaction. The first, in F,, involves 
the 7 subunit and the c£ 3 0 3 subcomplex, where- 
as the second, in F 0 , involves the ring of c 
subunits and the a subunit. 

The number of c subunits in the ring has 
profound implications for the number of pro- 
tons translocated by F 0 for each ATP mole- 
cule synthesized in F,. Each ATP synthetic 
event requires that the 7 subunit rotates 
through 120°. This rotation is generated in F 0 
either by rotation of the c ring with 7 (as the 
FjC I0 structure appears to indicate) or by 
some other mechanism in which the c sub- 
units impart rotation to 7 without themselves 
rotating. A c stoichiornetry of 9 or 12 has 
been considered to require translocation of 
three or four protons per ATP synthesized to 
impart a 120° rotation to the c ring (see Fig. 
1). A ring with 10 c subunits in it suggests 
that the H + /ATP ratio is probably nonintegral 
and that its value lies between 3 and 4. Many 
of trie experimentally measured H + /ATP ra- 
tios lie in this range (34, 35). 

Assuming that the c ring and 7 subunit 
rotate as an ensemble, a nonintegral H"7ATP 
ratio also makes it more likely that there is 
some degree of elasticity in the 7 subunit itself, 
so that the stepping of the c ring (10 steps per 
rotation) can be matched to the stepping in F ( 
(three steps per rotation). Elasticity in the 7 
subunit is an explicit feature of two models for 
ATP synthase (67, 68), whereas in a third mod- 
el (69) it is not required. 

It has been suggested that the number of c 
subunits in E. coli varies depending on the 
carbon source (70, 71). More c subunits appear 
to be assembled into the complex if cells are 
grown in glucose than with succinate. There- 
fore, in the latter case, the c ring would be 



smaller with an accompanying reduced gearing 
ratio. Changing gears and therefore the mem- 
brane potential required for ATP synthesis 
could be a regulatory mechanism. A variable 
number of c subunits could also explain the 
observation that covalently linked trimers of E. 
coli c subunit can form an active complex (22). 

The electron density shown here provides 
direct proof that c protomers form a ring that 
is in close contact with the 7 and $ subunits. 
Our interpretation is consistent with previous 
ones, in which subunits 7, 8, and e form a 
rotating ensemble. It strongly supports the 
idea that the c oligomer is part of a rotary 
motor, converting electrochemical energy 
into chemical energy stored in ATP. To un- 
derstand the mechanism of the generation of 
rotation, it will be necessary to establish the 
nature of the interaction between the c sub- 
unit oligomer found here and the remaining 
subunits in F 0 . 
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The last few years have seen rapid progress in 
our understanding of the behavior of the major 
mineral phases of Earth's mantle. Recent ad- 
vances in theory and computation have made it 
possible to predict from first principles the struc- 
tural and elastic properties of these materials 
throughout the entire pressure regime of the 
mantle (7). Experimental studies are now also 
possible over considerable ranges of pressure 
(P) and temperature (T) (2 -5). However, the 
challenge of experimentally or theoretically de- 
tennining the mineral properties at simultaneous 
P and T conditions of geophysical magnitudes is 
still enormous. Such studies will provide the 
basis for an improved analytical treatment of 
fundamental issues in Earth sciences, such as (i) 
constraining the rnineralogy of the deep interior 
by directly comparing the seismic velocities (6) 
with predicted velocities for various mineral 
aggregates; (ii) describing Earth's thermal state 
by distinguishing thermal versus compositional 
effects on wave velocities; and (iii) understand- 
ing the sources of seismic anisotropics such as 
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those observed at D" (7). it has been suggested 
that mantle flow and the accompanying stress 
field (in the vicinity of boundaries) could align 
crystalline axes along preferred directions and 
create anisotropic fabrics carrying the signature 
of the flow pattern (S). 

The possibility of calculating with high 
accuracy and computational efficiency the 
entire vibrational spectrum of a crystal with 
the use of density functional perturbation the- 
ory (9) allows us to determine from first 
principles the crystal free energy, F(VX), 
from which we can extract all measurable 
thermodynamic quantities for the mineral, in- 
cluding the elastic moduli. Here we chose to 
start with the pressure and temperature de- 
pendence of the elastic constants of MgO 
(70), which exists as (Mg 0 8 ,Fe 0 2 )0-magne- 
siowustite in the lower mantle (LM) with 20 
to 30% abundance according to a typical 
pyrolitic model (77). A previous first princi- 
ples study of high-pressure (athermal) elas- 
ticity (12) showed that MgO is strongly 
anisotropic at D" pressures (125 to 135 GPa) 
and its wave velocities are higher than seis- 
mic velocities throughout the LM pressure 
regime (23 to 135 GPa). Although T-induced 
effects at ambient P or so are known to be 
substantial and to counteract those of pressure 
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(4, J), the effects at high P's are unknown. 

The results presented below were obtained 
within the quasi-harmonic approximation 
(QHA). It is a good approximation for MgO at 
ambient P up to «» 1000 K (73), as can be seen 
by comparing calculated and measured thermal 
expansivities, a (14) (see Fig. 1). The deviation 
of a from linearity at ambient P and high 7"'s is 
related to the inadequacy of the QHA and can 
be traced back to the behavior of the mode 
Gruneisen parameters with volume (75). The 
agreement with experiments at about 1 800 IC 
and 180 GPa (16), as well as the predicted 
linear behavior at high P's and T's, indicate 
that the QHA is valid at geophysically relevant 
conditions. 

The adiabatic elastic constants (c,,, c l2 , 
a^d £44) were obtained as a function of P and 
T to 150 GPa and 3000 IC, respectively, by 
calculating the free energies for the strained 
lattices (77). The predicted ambient values 
and their initial pressure (at 300 K) and tem- 
perature (at 0 GPa) dependencies agree with 




0 1000 2000 3000 

Temperature <K) 



Fig. 1. Temperature dependence of thermal 
expansivity of MgO along several isobars at 0, 
10. 30, 60, 100, 150, and 200 GPa (solid lines 
from top to bottom). The experimental data at 
zero pressure (14) are denoted by circles. The 
average value of a between 300 and -3300 K 
at 169 to 196 CPa derived from shock-wave 
experiments (76) is denoted by the diamond. 



First-Principles Determination 
of Elastic Anisotropy and Wave 
Velocities of MgO at Lower 
Mantle Conditions 

B. B. Karki, 1 R. M. Wentzcovitch, 1 S. de Gironeoli, 2 S. Baroni 2 

The individual elastic constants of magnesium oxide (MgO) have been deter- 
mined throughout Earth's lower mantle (LM) pressure-temperature regime with 
density functional perturbation theory. It is shown that temperature effects on 
seismic observables (density, velocities, and anisotropy) are monotonicaUy 
suppressed with increasing pressure. Therefore, at realistic LM conditions, the 
isotropic wave velocities of MgO remain comparable to seismic velocities, as 
previously noticed in athermal high -pressure calculations. Also, the predicted 
strong pressure-induced anisotropy is preserved toward the bottom of the LM, 
so lattice-preferred orientations in MgO may contribute substantially to the 
observed seismic anisotropy in the D" layer. 
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The FIFO ATP synthase complex of Escherichia coli functions reversibly in 
coupling proton translocation to ATP synthesis or hydrolysis. The structural 
organization and subunit composition corresponds to that seen in many 
other bacteria, i.e. a membrane extrinsic Fl sector with five subunits in an 
alpha 3 beta 3 gamma delta epsilon stoichiometry, and a membrane- 
traversing F0 siectorwith three subunits in an alb2cl2 stoichiometry. The 
structure of much of the Fl sector is known from a X-ray diffraction model. 
During function, The gamma subunit is known to rotate within a hexameric 
ring of alternating alpha and beta subunits to promote sequential substrate 
binding and product release from catalytic sites on the three beta subunits. 
Proton transport through F0 must be coupled to this rotation. Subunit c folds 
in the membrane as a hairpin to two alpha helices to generate the proton- 
binding site in F0. Its structure was determined by NMR, and the structure 
of the c oligomer was deduced by cross-linking experiments and molecular 
mechanics calculations. The implications of the oligomeric structure of 
subunit c will be considered and related to the H+/ATP pumping ratio, P/O 
ratios and the cation-binding site in other types of F0. The possible limits of 
the structure in changing the ion-binding specificity, stoichiometry and 
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Publication Types: 

• Review 

• Review, Tutorial 



PMID: 10207922 [PubMed - indexed for MEDLINE] 



http://www.ncbi.nlm. nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract. 



5/1 1/05 



Entrez PubMed 



Page 2 of 2 



Display (Abstract ||||' Show [20 JgfSort by ipl[Send to 

Write to the Help Desk 
NCB1 | NLM j N!H 
DepartmenlpIHeajth„& 
Privacy Statement j Freedom of information Act | Disclaimer 

Mav 2 2005 17:45:08 



http://www.ncbi.nlm.nih.gov/entre2/query.fcgi?cmd=Retrieve&d 



5/1 1/05 



Journal of Bacteriology, Mar. 1997, p. 1714-1720 
0021-9193/97/S04.00+0 

Copyright © 1997, American Society for Microbiology 



Vol 179, No. 5 



Purification and Reconstitution into Proteoliposomes of the 
F 1 F 0 ATP Synthase from the Obligately Anaerobic Gram- 
Positive Bacterium Clostridium thermoautotrophicum 

AMARESH DAS, D. MACK IVEY,t and LARS G. LJUNGDAHL* 

Center for Biological Resource Recovery and Department of Biochemistry and Molecular Biology, 
University of Georgia, Athens, Georgia 30602 

Received 24 July 1996/Accepted 13 December 1996 

The proton- translocating FjF 0 ATP synthase from Clostridium thermoautotrophicum was solubilized from 
cholate-washed membranes with Zwittergent 3-14 at 58°C and purified in the presence of octylglucoside by 
sucrose gradient centrifugation and ion-exchange chromatography on a DEAE-5PW column. The purified 
enzyme hydrolyzed ATP at a rate of 12.6 jimol min" 1 mg _1 at 58°C and pH 8.5. It was composed of six different 
polypeptides with molecular masses of 60, 50, 32, 19, 17, and 8 kDa. These were identified as ot, p, 7, 5, e, and 
c subunits, respectively, as their N- terminal amino acid sequences matched the deduced N- terminal amino acid 
sequences of the corresponding genes of the atp operon sequenced from Clostridium thermoaceticum (Gen Bank 
accession no. U64318), demonstrating the close similarity of the FjF© complexes from C. thermoaceticum and 
C. thermoautotrophicum. Four of these subunits, a, p, 7, and e, constituted the Fj-ATPase purified from the 
latter bacterium. The 8 summit could not be found in the purified F t although it was present in the FJF 0 
complex, indicating that the F 0 moiety consisted of the 6 and the c subunits and lacked the a and b subunits 
found in many aerobic bacteria. The c subunit was characterized as iVjA/'-dicyclohexylcarbodiimide reactive. 
The FjFo complex of G thermoautotrophicum consisting of subunits a, p, 7, 8, e, and c was reconstituted with 
phospholipids into proteoliposomes which had ATP-P S exchange, carbonylcyanide p-trifluoromethoxy- 
phenyl hydra zone- stimulated ATPase, and ATP-dependent proton- pumping activities. Immunoblot analyses of 
the subunits of ATP synthases from G thermoautotrophicum, C, thermoaceticum^ and Escherichia coli revealed 
antigenic similarities among the F 1 subunits from both Clostridia and the p subunit of F l from E. coli. 



Clostridium thermoautotrophicum and Clostridium ther- 
moaceticum are gram-positive, thermophilic, obligately anaer- 
obic bacteria that can utilize and grow on various carbon 
sources including sugars (e.g., glucose, fructose, xylose) and 
one-carbon compounds (e.g., C0 2 /H 2 , CO, and methanol) (11, 

34, 46, 55, 57). They are also called homoacetogens because 
they produce acetate as the principal metabolic end product. 
Although isolated from different sources these two bacteria are 
virtually indistinguishable with respect to their physiology and 
metabolism (34, 55, 57), 16S rRNA sequence (3), and genomic 
DNA composition (55). A major feature of the acetogenic 
Clostridia is that they synthesize acetate from C0 2 by the re- 
ductive autotrophic acetyl-coenzyme A pathway (34, 35, 46, 56, 
57). The acetyl-coenzyme A pathway does not yield any net 
gain of energy (ATP synthesis) at the substrate level. Thus, 
during autotrophic growth the acetogens must generate energy 
from electron transport-coupled phosphorylation. The pres- 
ence of an electron transport chain and a proton-translocating 
F^ATPase and their involvement in the generation of proton 
motive force, ATP synthesis, and amino acid uptake have been 
demonstrated in membranes of acetogenic Clostridia (8, 24-29, 

35, 39). 

Proton-translocating FjF 0 ATP synthases have been charac- 
terized from bacteria, chloroplasts, and mitochondria (15, 17, 
21, 43, 49, 51). They have similar structures consisting of two 
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parts, a cytosolic or membrane-extrinsic F x and a membrane- 
intrinsic Fq. The F^ part of the enzyme has the catalytic domain 
which is responsible for the synthesis and hydrolysis of ATP, 
and the F 0 part translocates protons across the membranes 
during catalysis. In Escherichia coli, the F t part has five sub- 
units with a composition of a 3 0 3 7o£, and the F 0 part has three 
subunits with a composition of ab 2 c 10 _ l2 (15). The five subunit 
structure of F t is commonly found in bacteria, mitochondria, 
or chloroplasts (43) although only four subunits were found in 
the F t of C. thermoaceticum (29). In contrast, significant vari- 
ations have been observed in the structure of F 0 . Thus the 
number of subunits found in the F 0 of mitochondrial ATP 
synthases ranges from five to eight (43, 51), while that for 
chloroplast and cyanobacterial ATP synthases is four (43) and 
that for bacterial ATP synthases ranges from one to three (4, 
5, 15, 47). Among anaerobic bacteria, the simplest subunit 
structure of F 0 has been described for Clostridium pasteuria- 
num, which is comprised of only one type of subunit (4, 5). 

In this study we describe the purification and characteriza- 
tion of the FjFq ATP synthase from C. thermoautotrophicum. 
The purified enzyme contains the six subunits ot, p, 7, 8, e, and 
c, of which the a, p, 7, and e subunits constitute the F t -ATPase. 
Although the a and b subunits found in many aerobic bacteria 
are missing, the clostridial ATP synthase is fully functional. 

MATERIALS AND METHODS 

Bacteria and growth conditions. C. thermoautotrophicum JW 701/5 and C 
thermoaceticum ATCC 39073 were grown on 05% (vol/vol) methanol or 1.0% 
(wt/vol) glucose as carbon source at 58°C under 100% CO2 (36, 37). E. coli TGI 
was grown in a minimal medium as previously described (9) with 0.5% (wt/vol) 
ammonium succinate as the energy source. Cells from both cultures were har- 
vested at mid-log phase (after 16 to 18 h of growth) and stored at -2CPC until 
used. 
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The ATP Synthase y Subunit 

SUPPRESSOR MUTAGENESIS REVEALS THREE HELICAL REGIONS INVOLVED IN ENERGY COUPLING* 

(Received for publication, February 9, 1995, and in revised form, March 20, 1995) 
Robert K. Nakamoto* and Marwan K. Al-Shawi 

From the Department of Molecular Physiology and Biological Physics, University of Virginia, 
Charlottesville, Virginia 22908 

Masamitsu Futai 
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A role in coupling proton transport to catalysis of ATP 
synthesis has been demonstrated for the Escherichia 
coli FqFj ATP synthase y subunit. Previously, functional 
interactions between the terminal regions that were im- 
portant for coupling were shown by finding several mu- 
tations in the carboxyl-terminal region of the y subunit 
(involving residues at positions 242 and 269-280) that 
restored efficient coupling to the mutation, yMet-23 -> 
Lys (Nakamoto, R. K., Maeda, M., and Futai, M. (1993) J. 
Biol. Chem. 268, 867-872). In this study, we used suppres- 
sor mutagenesis to establish that the terminal regions 
can be separated into three interacting segments. Sec- 
ond-site mutations that cause pseudo reversion of the 
primary mutations, yGln-269 -» Gtu or yThr-273 -* Val, 
map to an ammo-terminal segment with changes at res- 
idues 18, 34, and 35, and to a segment near the carboxyl 
terminus with changes at residues 236, 238, 242, and 246. 
Each second-site mutation suppressed the effects of 
both yGln-269 -> Glu and yThr-273 -> Val, and restored 
efficient coupling to enzyme complexes containing ei- 
ther of the primary mutations* Mapping of these resi- 
dues in the recently reported x-ray crystallographic 
structure of the F x complex (Abrahams, J. P., Leslie, A. 
G., Lutter, R., and Walker, J, E. (1994) Nature 370, 621- 
628), reveals that the second-site mutations do not di- 
rectly interact with yGln-269 and yThr-273 and that the 
effect of suppression occurs at a distance. We propose 
that the three y subunit segments denned by suppressor 
mutagenesis, residues yl8-35, y236-246, and y269-280, 
constitute a domain that is critical for both catalytic 
function and energy coupling. 



In the F 0 F, ATP synthase, energy coupling between proton 
transport and catalysis of ATP synthesis occurs via conforma- 
tional changes transmitted through a complex made up of at 
least eight different subunits (for reviews see Refs. 1-7). A key 
subunit in the coupling mechanism is the y subunit, which 
appears as a single copy in the complex. Changes in chemical 
cross-linking patterns (8-13), protease sensitivity (14), inten- 
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sities of fluorescence probes (15), and immunoelectron micro- 
graphic images (16) have demonstrated that the y subunit 
undergoes conformation changes in response to catalysis or 
proton motive force. A structural model of bovine Fj based on 
x-ray diffraction verifies that the y subunit has specific inter- 
actions with the a and 0 subunits that contain the catalytic 
sites and suggests that these interactions may be critical for 
function (17). 

Through the use of mutagenesis, we established that the 
conserved terminal regions of the y subunit are involved in 
coupling. By changing conserved residue Met-23 of the Esche- 
richia coli y subunit (286 amino acids in length) to lysine, 
energy coupling was rendered extremely inefficient (18). Func- 
tional interactions between terminal regions were realized by 
identification of several second-site mutations near the car- 
boxyl terminus that restored efficient coupling to the yMet-23 
— > Lys mutant (19). Two such second-site mutations were the 
replacements, yGln-269 -* Arg and yThr-273 -* Ser. Other 
replacements of these two conserved residues invariably 
caused reduced turnover and coupling efficiency (20); the most 
severe mutations were yGln-269 — » Glu and yThr-273 -* Val. 
In this paper, we describe the identification of several intra- 
genic second-site mutations that suppress yGln-269 Glu and 
yThr-273 -» Val. Taken together, the suppressor mutations 
reveal three y subunit regions that functionally interact to 
mediate energy coupling. 

EXPERIMENTAL PROCEDURES 

Materials — Oligonucleotides were synthesized with a Pharmacia 
LKB Gene Assembler Plus. [a- 32 P]dCTP (3000 Ci/mmol) and [ 32 P]Pi 
were from Amersham Corp. Restriction endonucleases and other DNA 
modifying enzymes were from Takara Shuzo Co., Nippon Gene Co., 
Toyobo Co., or New England Biolabs. Taq polymerase and deoxynucle- 
otides were from Perkin-Elmer. For all other chemicals and enzymes, 
the highest grades commercially available were used. 

Bacterial Strains, Plasmida, and Growth Conditions — The y subunit- 
deficient E. coli strain, KFlOrA (thi, thy, recAl, uncGW (Gln-14 -> 
end)), was described previously (21) and grown as before (20). Unless 
otherwise indicated, all strains were grown at 37 °C. To assure that 
mutations in chromosomal or plaa mid-borne copies of uncG did not 
revert during an experiment, the phenotype of all strains were checked 
after growths and plasmids were isolated and sequenced. Expression 
and mutagenesis of uncG were performed in derivatives of plasmid 
pBMG15 (18). 

Random Mutagenesis, Selection of Pseudo Revertants, and Manipu- 
lation of pBMQIS— The yGln-269 Glu and yThr-273 — Val muta- 
tions first described by Iwamoto et aL (20) were moved to plasmid 
pBMGIS to facilitate replacement of the entire uncG coding sequence 
with the randomly mutagenized gene as was done by Nakamoto et al. 
(19). uncG (Gln-269 -* Glu or Thr-273 -> Val) was randomly mu- 
tagenized using a modified polymerase chain reaction (19, 22). Trans- 
formation of KFlOrA with mutagenized plasmids, genetic selection and 
analysis of isolates able to grow on succinate minimal medium (sue*) 
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were done as before (19). 

To assure that no extraneous mutations accompanied the identified 
suppressor mutations, each suppressor mutation was isolated on a 
restriction fragment and li gated into the original pBMGl5 (Gln-269 — 
Glu) and pBMGl5 (Thr-273 -» Val). Second-site mutations near the 
amino terminus were isolated on the Ncol to Xbal fragment, mutations 
between eodons 233 and 246 were isolated on the RsrU to PstI frag- 
ment, and mutations of codon 269 were isolated on the PstI to BglU 
fragment. Reconstructed plasmids were sequenced to assure both mu- 
tations were present 

Molecular biological manipulations (23) and DNA sequencing (24) 
were done by standard protocols. 

Biochemical Procedures — Membrane vesicles were prepared from 
strains grown at 37 °C in minimal medium containing 0.2% glucose. 
Logarithmic phase cells were passed through a French press at 16,000 
p.s.L and membranes isolated by differential centrifugation as de- 
scribed previously (25). Protein (26), ATPase activity (25, 27), and ATP 
synthesis (28, 32) were assayed as described previously. 

For immunoblotting, membrane proteins were prepared as described 
by Nakamoto et al. (29) and separated on a 12.5% SDS-poly aery 1 amide 
gel (30). Proteins were then transferred to nitrocellulose (31) and re- 



Table I 

Oxidative phosphorylation-dependent growth of yGln-269 and yThr- 
273 mutations with or without yMet-23 — ► Lys 



MutationCsy 



Colony fonnation on 
solid succinate 
medium 





30 °C 


37 °C 


yMet-23 — Lys 


+ 




■yGln-269 -* Leu 


+ 


+ 


yMet-23 — Lys/yGln-269 Leu 


+ 




■yGln-269 — Glu 


+ 




7 Me1>23 — Lys/TGln-269 — Glu 


+ 


+ 


yrhr-273 — Gly 


+ 


4- 


yMet-23 — Lys/yThr-273 — Gly 


+ 


+ 


VThr-273 — Val 


+ 




yMet-23 — Lys/yrhr-273 — Val 


+ 


+ 



° Mutations were harbored on plasmid pBMGl5 and tested in strain 
KFlOrA (see "Experimental Procedures"). 

* Golony formation on minimal plates containing 0.4% sodium succi- 
nate was judged 5 days after streaking and incubation at the stated 
temperature. 



acted with polyclonal antibodies raised against E. coli F, a and 0 
subunits (obtained from Dr. Alan Senior, University of Rochester) or the 
y subunit. Immunoreactive bands were detected using the TMB mem- 
brane peroxidase system (Kirkegaard & Perry Laboratories, Inc.). 

RESULTS 

Suppression of yMet-23 -* Lys by Various Amino Acids at 
Positions 269 and 273 of the y Subunit— Previously, residues 
yGln-269 and VThr-273 were implicated in energy coupling 
because mutations yGln-269 — ► Arg and VThr-273 — ► Ser were 
able to suppress the effects of the primary mutation, yMet-23 
— * Lys, and restored efficient energy coupling (19). Interest- 
ingly, a number of other mutations at these same positions also 
suppressed yMet-23 — » Lys and resulted in oxidative phospho- 
rylation-dependent growth when succinate was used as the sole 
carbon source (suc + ). In addition to the original suppressor 
mutations, replacement of yGln-269 with Leu and Glu, and 
VThr-273 with Gly and Val conferred intragenic suppression of 
yMet-23 — Lys (Table I). Of these, yGln-269 — Glu and yThr- 
273 Val were the most deleterious and, as single mutations, 
did not allow growth on solid succinate medium at 37 °C. 
Clearly, the suppression between either of these mutations and 
yMet-23 Lys was mutual. Similar to previously described 
mutations at these positions (19), yGln-269 Glu and yThr- 
273 — ► Val mutant strains were temperature-sensitive and 
were able to grow on succinate at 30 °C. 

y Subunit Mutations That Suppress yGln-269 -* Glu and 
yrhr-273 — > Val — In turn, we searched for second-site muta- 
tions that would suppress the effects of yGln-269 -* Glu and 
VThr-273 — * Val. Random mutations were generated in uncG 
(yGln-269 -* Glu or VThr-273 -» Val) and screened for the 
ability to grow by oxidative phosphorylation. Twelve stable 
sue* colonies arose, and plasmids were isolated and sequenced. 
As listed in Table II, six different mutations that resulted in 
amino acid changes were found as single second-site mutations. 
Two other second-site mutations, yGlu-233 -+ Gly and yAla- 
240 Val, were accompanied by changes of yGlu-269. Finally, 
two second-site mutations, yAsp-36 -* Gly and yMet-246 -» 
Leu, were found on the same plasmid with yThr-273 — ► Val. To 



Table II 

Second-site mutations found in plasmidborne uncG (yGln-269 - 



► Glu or yThr-273 — Val) 



Controls 






Growth at 37 °C in liquid 
succinate medium 




Wild type 
uncO~ h 

yGln-269 — Glu 
yThr-273 -►Val 






% of wild type 
100° 
1.2 
2.9 
4.4 




Second-eite mutations 


Codon change 


Primary mutation in 
screening 


Growth w 
yGlu-269 


hen combined with: 

yVal-273 


yLys-18 — Met 
ySer-34 — Leu 
yGln-35 -+ Arg 
yGlu-233 — Gly 
yAla-236 — Thr 
yGlu-238 — Gly* 

yAla-240 — Val 
yArg-242 — His 
yAsp-36 — Gly 

+ yMet-246 — Leu 
yAsp-36 — Gly 
yMet-246 — Leu 


AAG —ATG 
TCG -+7TG 
CAG — CGG 
GAA - GGA 
GCC — ACC 
GAG — GGG 

GCC -+GTC 
CGT — CAT 
GAT— GGT 
ATG — CTG 


yVal-273 
yGlu-269 
7Val-273 

-rGlu-269 — Lys c 
-yGlu-269 
yGlu-269 
yVal-273 

y-Glu-269 — Gly* 

7Val-273 

yVal-273 


15 
24 
19 
7.6 
58 
51 

3.6 
25 
ND* 

9.7 
19 


7.1 
16 
15 

9.5 
63 
63 

3.1 
61 
ND 

8.5 
49 



-Growth at 37 °C I in succinate minimal medium was followed as described under "Experimental Procedure a* Strain KFlOrA harboring wild-type 
uncG on plasmid pBWGIS grew to an optical density of 0.69 measured at a wavelength of 660 nm. 
° No uncG on plasmid. 

e This plasmid had the indicated change at position 269 in addition to the second-site mutation. The growth data is for the second-site mutation 
combined with the original primary mutation. 
d Second-site mutation, yGlu-238 — Gly, was found with both yGlu-269 and yVal-273. 

• ND, not determined for the triple mutants yAsp-36 — Gly/yMet-246 — Leu/yGlu-269 or yAsp-36 — Gly/yMet.246 — Leu/yVal-273. 
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Table in 

Activities of mutant FqFj in membrane vesicles from strains grown at 37 °C 



Mutation 



Wild type (pBWGIS) 

uncG- (pBR322) 

-yGln-269 -> Glu 
7Thr-273 ^Val 

TSer-34 Leu 
yLeu-34 + >Glu-269 
yLeu-34 + yVal-273 

>Gln-35 -> Arg 
yArg-35 + >Glu-269 
yArg-35 + yVal-273 

yAla-236 -► Thr 
VThr-236 + ->Glu-269 
VThr-236 + yVal-273 



ATPase activity 0 



fimol PJminlmg 

0.31 

0.042 

0.060 
0.054 

0.20 

0.047 

0.038 

0.20 

0.046 

0.037 

0.15 

0.057 

0.060 



H + pumping 6 



% quenching relative to 
wild type 

100 



60 
42 



79 
84 

69 
71 
81 

84 
83 
95 



ATP synthesis' 



/iW ATP i mini 'mg 

0.22 

0.00 

0.037 
0.015 



0.058 
0.056 
0.045 



Coupling, 
efficiency" 



Synthesis 
Hydrolysis 
0.71 



0.62 
0.28 



0.29 

1.2 

1.2 



7Glu-238 Gly 
-yGly-238 + yGlu-269 
>Gly-238 + yVal-273 



0.21 

0.052 

0.056 



82 
70 
75 



yArg-242 -> His 
yHis-242 + yGlu-269 
yHis-242 + yVal-273 



0.15 

0.040 

0.056 



75 
80 
90 



0.099 
0.063 
0.062 



0.66 

1.6 

1.1 



" ATPase activities were measured in a buffer consisting of 40 mM HEPES, 5 mM MgCl^, 300 mM KC1, and 4 mM ATP, pH 7.5, with 0.1 mgfanl 
membrane protein at 37 °C. 

* Formation of an electrochemical gradient of protons at 37 °C as monitored by acridine orange fluorescence quenching was measured in the same 
buffer as the ATPase assay except HEPES was 10 mM and ATP, 1 mM. In addition, 1 /ig/ml valinomycin and 1 /iM acridine orange were present. 
The level of quenching was calculated by taking the difference between the maximum level of fluorescence quenching after addition of ATP, and 
the level after addition of 1 jiM carbonylcyanide-m-chlorophenylhydrazone, then dividing by the value obtained for wild-type membranes (see Fig. 
1). 

c NADH-driven ATP synthesis was measured as previously described (32) using a buffer consisting of 25 mil TES, 200 mM KC1, 5 mM MgS0 4 , 
10 mM glucose, 1 mM ADP, 10 mM [^PlPj, 100 units of hexokinase, 2 mM NADH, and 0.1-0.2 mg/ml membrane protein, pH 7.5, at 37 °C with 
vigorous shaking. Control experiments to determine background rates contained 5 fiM carbonylcyanide-m-chlorophenylhydrazone. 

d Coupling efficiency is indicated by dividing the rate of ATP synthesis by the rate of ATP hydrolysis. 



assure that the clustering of suppressor mutations near the 
ends of the gene was not due to a bias of the mutagenesis 
system, several randomly selected plasmids were sequenced. 
Mutations were found distributed throughout the mutagenized 
segment which included the entire uncG coding sequence (data 
not shown). These observations indicated that mutations were 
randomly introduced throughout the gene. 

The suppression behavior of each second-site mutation was 
tested by isolating it on a restriction fragment and ligating into 
the original plasmid with either yGln-269 -* Glu or yihr-273 
Val. Based on increased growth yields in liquid succinate 
medium, we confirmed that 7Ser-34 — * Leu, -yGln-35 — ► Arg, 
yAla-236 -* Thr, yGlu-238 -> Gly, yArg-242 -> His, and yMet- 
246 — > Leu partially suppressed the effects of the original 
primary mutation. In addition, we found that each of these 
mutations suppressed both yGln-269 -» Glu and yThr-273 -» 
Val. Although the growth yield was lower than the others, 
yLys-18 — ► Met was able to suppress yGln-269 — ► Glu, but only 
imparted a slight increase in growth to yThr-273 — * Val. The 
remaining mutations listed in Table II were unable to sup- 
press; however, strains carrying yGlu-269 — * Lys or Gly as 
single mutations grew on succinate (data not shown). 

In summary, the suppressor mutations fell into two groups: 
three were found in the conserved ammo-terminal region be- 
tween positions 18 and 35, and four in the conserved carboxyl- 
terminal region between positions 236 and 246. The mutations 
near the amino terminus changed residues that are conserva- 
tively replaced in the known y subunit sequences and are adja- 
cent to residues that are completely conserved, while those near 



the carboxyl terminus changed residues that are conserved or 
nearly so. In general, the second-site mutations near the amino 
terminus were not as effective as ones near the carboxyl terminus 
in suppressing effects of the primary mutations. 

Suppressor Mutations Restore Efficient Coupling — The 
ATPase activities of yGln-269 -* Glu or yThr-273 -» Val mu- 
tant enzymes were greatly reduced compared to wild-type en- 
zyme (Table III), as were ATP-dependent proton pumping (Fig. 
LA) and NADH-dependent ATP synthesis rates (Table III). The 
yVal-273 enzyme generated a smaller electrochemical gradient 
of protons and had a lower rate of ATP synthesis than the 
yGlu-269 enzyme despite having similar ATPase activities. 
Both properties suggested that the yVal-273 enzyme was less 
efficient at coupling proton transport to catalysis. As an indi- 
cator of coupling efficiency, ATP synthesis and ATP hydrolysis 
rates were compared. Assuming that hydrolysis rates repre- 
sent the catalytic competence of the enzyme, we can use syn- 
thesis:hydrolysis ratios to indicate the ability of the FqPj com- 
plex to couple energy between proton transport and catalysis. 
The synthesis:hydrolysis ratios listed in Table III suggest that 
the coupling efficiency of the yGlu-269 mutant enzyme was 
similar to wild type, whereas the yVal-273 mutant enzyme was 
significantly lower. 

When the yGlu-269 and yVal-273 mutations were combined 
with each of the second-site mutations, the ATPase hydrolysis 
rates were essentially unchanged; however, proton pumping 
and ATP synthesis rates were increased (Fig. 1A and Table III). 
Significantly, the ATP synthesis:hydrolysis ratios for the dou- 
ble mutant enzymes (yGlu-269 or yVal-273 plua a suppressor 
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Suppression Mutations in the ATP Synthase y Subunit 
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Fig. 3. Three interacting regions of the y subunit involved in 
energy coupling. The a-helical termini of the E. coli y subunit (resi- 
dues 1-45 and 223-286) are indicated by the striped vertical bars. The 
position of the helices relative to one another was approximated from 
the structural model of Abrahams et al. (17) based on x-ray crystallo- 
graphic analysis. In the model, the two helices are in a coUed-coil 
conformation. The three interacting regions involved in coupling and 
defined by suppressor mutagenesis are indicated by the brackets (see 
'Discussion"). The position of the three primary mutations, yMet-23 
Lys, yGln-269 -> Glu, and yThr-273 -► Val, are indicated by the small 
numbers. 

yMet-23 Lys as well as tGIti-269 -> Glu and yThr-273 Val. 
We conclude that the three regions functionally interact be- 
cause each shares primary mutation/suppressor mutation com- 
binations with the other two regions. Moreover, because the 
primary mutations, ?Met-23 Lys, yGln-269 Glu, and 
yThr-273 — ► Val, affect coupling and the second-site mutations 
restore coupling to varying degrees, we propose that the three 
regions are directly involved in coupling transport to catalysis. 
Interestingly, the three regions coincide with the conserved 
portions of the y subunit (see Ref. 5). 

We are fortunate that the three y subunit regions are found 
in the partial x-ray crystallographic structure of bovine F x that 
was recently presented by Abrahams et al. (17). Two important 
features of the structural model apply to our mutagenesis re- 
sults. First, the structure shows that yGln-269 (E. coli num- 
bering; equivalent of bovine residue yGln-255) forms a hydro- 
gen bond with one of the 0 subunits near its nucleotide binding 
site (17). The effect of replacing this residue confirms its sig- 
nificance. Although formation of the hydrogen bond in not 
essential (Arg, Gly, Leu, and Lys replacements retain func- 
tion), turnover of the enzyme is greatly reduced as evidenced by 
low membrane ATPase and ATP synthesis rates (Table III and 
Refs. 19-20). Because the coupling efficiency of the yGln-269 — ► 
Glu mutant enzyme was the same as wild type, this mutation 
appears to disrupt catalytic turnover in both hydrolysis and 
synthesis directions. One turn of the helix away, replacement 
of the conserved YThr-273 with valine caused the same de- 
crease in ATP hydrolysis rate and, in addition, a proportionally 
larger decrease in ATP synthesis rate. These results suggest 
that changes of yThr-273 can influence catalysis and coupling, 
possibly by perturbing the conformational changes involved in 
linking proton transport to catalysis. 

The second important feature derived from the crystal struc- 
ture is the relative position of the three y subunit regions 
identified by suppressor mutagenesis. Even though the coordi- 
nates of the structure are not yet available (17), the model 



clearly shows that the amino acid side chains of residues 269- 
280 do not directly contact those of residues 236-246 or 18-35 
(see Fig. 3). Instead, the 18-35 segment appears to be adjacent 
to residues 236-246 in the coiled coil and interaction with the 
269-280 segment is through the intervening a-helix. Consid- 
ering the structure and the functional interactions, we propose 
that the three regions of the y subunit defined by the suppres- 
sor mutations constitute a domain responsible for transmitting 
energy between proton transport and catalytic sites. 

Our results also suggest that the structural integrity of the 
domain is extremely important for efficient energy coupling. 
We base this notion on two observations. First, several differ- 
ent amino acid changes were able to suppress the same pri- 
mary mutations. These results indicate that suppression is not 
the repair of a single, specific interaction between two residues, 
but the restabilization of interactions between segments of the 
7 subunit and possibly the 0 subunit as well. Second, the 
temperature sensitivity caused by the three primary mutations 
suggests that the structural stability of the complex was per- 
turbed. Further structural and mutagenesis studies are re- 
quired to decipher the mechanism by which the mutations 
affect coupling and catalysis. This information should provide 
an understanding of the mechanism by which proton transport 
is coupled to catalysis. 
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We introduced mutations to test the function of the 
conserved amino- terminal region of the y subunit from 
the Escherichia coli ATP synthase (FoFi-ATPase). 
Plasmid-borne mutant genes were expressed in an 
uncG strain which is deficient for the y subunit frGln* 
14 end). Most of the changes, which were between 
7De-19 and yLys-33, 7Asp-83 and yCys-87, or at 
7 Asp- 165, had little effect on growth by oxidative 
phosphorylation, membrane ATPase activity, or H* 
pumping* Notable exceptions were 7Met-23 — ► Arg or 
Lys mutations* Strains carrying these mutations grew 
only very slowly by oxidative phosphorylation. Mem- 
branes prepared from the strains had substantial levels 
of ATPase activity, 100% compared with wild type for 
-yArg-23 and 65% for 7Lys-23, but formed only 32 and 
17%, respectively, of the electrochemical gradient of 
protons. In contrast, other mutant enzymes with simi- 
lar ATPase activities (including 7Met-23 Asp or Glu) 
formed H + gradients like the wild type. Membranes 
from the 7Arg-23 and 7Lys-23 mutants were not pas- 
sively leaky to protons and had functional F 0 sectors. 
These results suggested that substitution by positively 
charged side chains at position 23 perturbed the energy 
coupling. The catalytic sites of the mutant enzymes 
were still regulated by the electrochemical H* gradient 
but were inefficiently coupled to H* translocation in 
both ATP-dependent H + pumping and Auh* driven ATP 
synthesis. 



The Escherichia coli FoFi ATPase is a reversible H + pump 
which plays two metabolically defined roles; in aerobic con- 
ditions, it utilizes the proton motive force from the respiratory 
chain to synthesize ATP, and in anaerobic conditions, it 
utilizes ATP from glycolysis to pump protons out of the cell 
forming an electrochemical H + gradient which supplies energy 
for secondary transport systems. The pump is composed of 
eight subunits divided into the membrane extrinsic Fi portion 
(or, 0, 7, 5, and « subunits), which contains the catalytic sites 
for ATP hydrolysis or synthesis, and the membrane intrinsic 
F 0 portion (a, b and c subunits), which contains the H + pore 
(reviewed in Refs. 1-5). Assembly of the functional pump 
requires all eight subunits, and reconstitution of ATP hydrol- 
ysis activity needs at least a, 0, and 7 subunits in a stoichi- 
ometry of 3:3:1 (6, 7). 

The 7 subunit occupies a central position between the 
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catalytic sites found in the a and 0 subunits and the H + pore 
through the F 0 subunits (8, 9). Extensive use of sulfhydryl 
reagents led the McCarty laboratory to conclude that the 
chloroplast 7 subunit both regulates ATPase catalytic activity 
and couples this activity to proton translocation (10-12). 
Recently, a mutagenesis approach was used by Iwamoto et al 
(13) to demonstrate that the conserved carboxyl-terminal 
region of the E. coli 7 subunit is important for ATPase 
catalytic activity. Of special interest, the 7Gln-269 -> Leu 
mutant had ATPase activity similar to other mutant proteins 
(e.g. 7Glu-275 Lys and 7Thr-277 end, about 14% of 
wild type), but formed a much weaker electrochemical gra- 
dient of protons. These reports taken together suggest that 
the 7 subunit participates in energy coupling, as well as 
regulation of ATPase activity. 

In addition to the carboxyl terminus, the only other well 
conserved region of the 7 subunit is found near the amino 
terminus. The importance of this region was suggested by the 
deletion of residues 7Lys-21 to 7Ala-27, which resulted in 
failure of the Fj complex to assemble (14). In this paper, we 
describe the effects of site-specific mutations introduced in 
the amino-terminal region of the 7 subunit. Whereas the 
carboxyl terminus was found to be important for catalysis, we 
report here that replacement of amino-terminal residue 7Met- 
23 to arginine or lysine had profound effects on the coupling 
between ATPase catalysis and H + translocation. 

EXPERIMENTAL PROCEDURES 

Materials— Oligonucleotides were synthesized with Applied Bio- 
systems (Foster City, CA) DNA synthesizer model 381A. [a 32 -P]dCTP 
(3000 Ci/mmol) was from Ameraham- Japan (Tokyo). Restriction 
endonucleases, Klenow fragment, T4 DNA ligase and Taq polymerase 
were from Takara Shuzo Co., Kyoto; Nippon Gene Co., Toyama; 
Toyobo Co., Osaka; or New England Bio Labs, Beverly, MA. 

Bacterial Strains and Growth Conditions — The 7 summit-deficient 
E. coli strain, KFlOrA {thi, thy, recAl, uncGIO (7Gln-14 -* end), was 
previously described and grown as before (13, 15). Minimal medium 
supplemented with thymine (50 /tg/ml), thiamine (2 ug/ml), and a 
carbon source (either 0.2% glucose or 0.4% sodium succinate) or a 
rich medium (L broth) were used for genetic analysis. Minimal 
medium with 0.2% glucose was used for preparation of membranes. 
All strains were grown at 37 *C. 

Construction of Expression Plasmids Carrying Mutant Genes for 
the 7 Subunit— pBWGll (Ref. 13, Fig. LA) coding the entire wild- 
type y subunit was engineered to introduce new restriction sites 
which are unique in the plasmid (Fig. IB): Ncol at base —2, Nrul at 
base 34, Asull at base 88, Xbal at base 124, and Asel at base 278 
(nucleotides were numbered from the first letter of the initiation 
codon). For these constructions, the Smal-Pstl segment of pBWGll 
was ligated into pBluescript II SK(+) (Stratagene, La Jo] la, CA), 
whose Xbal site was destroyed previously, to create pSKWG'. Polym- 
erase chain reactions were performed using this plasmid as the 
template and the following oligonucleotides containing the altered 
sequences for primers: to create Ncol, the 21 base, 5'-GAGGAG- 
AAG CcCATGGC CGGG-3'; for Xbal, the 26 base, 5'-CATGGC- 
GGCC tctaC5 c&TTATGCAG-3'; and for Aael, the 27 base, 5'-GTT- 



20835 



20836 



Coupling Mutations ofFoFi 



TGAA C ATTAAt CTGTTCAAAAAAC-3 ' (the altered bases are in- 
dicated by the lowercase letters and the recognition sequence of the 
new restriction sites are underlined). These primers code for the sense 
strand and the corresponding antisense strand oligonucleotides were 
also made. The overlapping primers were used along with pBluescript 
II-epecific primers (T3 and T7 primers, Strategene) to generate the 
new sequences by the overlap extension method (16). Restriction 
fragments of the polymerase chain reaction products were ligated 
into pSKWG'. From the resultant plasmid, the Asull- Rsrll fragment 
was isolated and ligated into pBWGll. The new plasmid, pBWGl2, 
was digested with Asull and treated with Klenow fragment to remove 
the Asull site in the 3' -part of the uncA cistron which was also 
present on this plasmid. Finally, a synthetic DNA linker carrying the 
new Nrul and Asull sites replaced the SnaBl-Xbal segment to 
generate pBWGlS. 

Missense mutations were generated by using synthetic oligonucle- 
otides to replace the pBWGlS SnaBI-AsuII segment (for 7 He -19 — ► 
Glu, 7Thr-20 — Val, 7Lys-21 -> Leu, and ?Met-23 Glu, Asp, Leu, 
Arg, or Lys mutations), the Asull-Xbal segment (for 7Lys-30 —*■ Glu 
or Leu, and -yLys-33 — > Glu or Leu mutations), or the Mlul-Asel 
segment (for YAsp-83 — ► Lys or Val, 7Arg-84 -+ Glu or Leu, 7 Leu -86 
— ► Glu, and yCys-87 — ► Ala mutations). For TrAsp-165 — ► Ala, Asn, 
Glu, or Lys mutations, the Stul to Hindlll segment of pSKWG' was 
replaced by synthetic oligonucleotides, and the Smal to Pstl frag- 
ments from the altered plasm ids were ligated into pBWGll. Muta- 
tions were confirmed by sequencing (17) through the replaced seg- 
ment. The absence of mutations in a region not engineered was 
confirmed genetically by replacing the mutant segments with wild- 
type sequences and testing for complementation of strain KFlOrA. 

Other Procedures — Membrane vesicles were prepared after passing 
logarithmic phase cells through a French press (18). Membranes were 
depleted of Fj and reconstituted with wild-type Fi as described 
previously (18). Formation of an electrochemical H + gradient was 
followed by acridine orange fluorescence quenching (19). ATPase 
activity (18) and protein (20) were assayed by published procedures. 
Polyacrylamide gel electrophoresis in the presence of sodium dodecyl 
sulfate was carried out as described previously (19) followed by 
immunoblot analysis (21). 

RESULTS 

Mutagenesis of the 7 Subunit Gene Carried by a Recombi- 
nant Plasmid — To facilitate in vitro mutagenesis of the 
ammo-terminal region, pBWGll, which carries the entire 
wild-type 7 subunit gene (Fig. 1A, Ref. 13), was modified to 
contain several new restriction sites. The new plasmid, 
pBWGlS, complemented strain KFlOrA (uncG, Gln-14 -> 
end), and membranes prepared from this strain had the same 
ATPase characteristics as membranes obtained with 
pBWGll (data not shown). 

We initially selected the amino acid residues for replace- 
ment by aligning the known 7 subunit sequences to obtain 
maximal homology (as in Ref. 22; sequences in Refs. 22-32). 
Through the length of the primary structure, only 28 residues 
were found completely conserved. In the amino-terminal re- 
gion, the conserved residues were clustered in two groups. 
The first group between 7lle-19 and 7Val-26 ( Ile-Thr -Lys- 
Ala- Met -Glu-Met- Val ; E. coli sequence with conserved resi- 
dues underlined) aligned without needing to introduce gaps 
in the sequences between these residues and the amino ter- 
minus (Fig. IB). Furthermore, we were attracted to this 
sequence, because a deletion between residues 7LV8-21 and 
7Ala-27 resulted in loss of Fi assembly (14). In the second 
group, residues between 7Arg-84 and 7Gly-89 (Asp-Arg- Gly- 
Leu -Cys-Gly, conserved residues are underlined) easily 
aligned, but only after gaps were introduced in some of the 
sequences. Finally, 7 Asp -165 stood out as strongly conserved 
Concentrating on these residues, mutations were introduced 
to create severe changes such as hydrophilic to hydrophobic, 
or basic to acidic residues, whereas changes in side chain 
volume were kept to a minimum (Tables I and II). 

Effects of Mutations in the 7 Subunit— Strain KFlOrA 
(uncG t 7Gln-14 — * end) harboring a 7 subunit gene containing 



A 




ATGGAGATGGTCGCCCCU£flAAAATGCGTAAATCGCAGCXTCGCATGGCCGCCL£tAfijCCT7AT 
HBNVAASRHRKSQDRHAASRPY 

30 40 

ftnairium 71 rn Hi 

" luI Asel 
220 230 240 250 260 270 260 

AAAt^iflClGGGCTACCTGGTGGTGTCGACCClACCGTGGTTTGTGCGCTGGTTTCJUU^ITXAt 
KRVCYIVVSTORGLCGCLWIN 



Fig. 1. Construction of recombinant plasmids carrying mu- 
tant uncG genes. A, plasmid constructions are described under 
"Experimental Procedures. " The single line in the plasmids denotes 
pBR322 or pBluescript II sequence. The filled box indicates the uncG 
coding frame, the box marked u P n is the promoter from the 0- 
lactamase gene, and "Tet*" indicates the tetracycline resistance gene. 
B, the nucleotide and corresponding amino acid sequences of the 
mutagenized amino-terminal segments are shown. The lowercase 
tetters in the nucleotide sequence indicate bases changed to introduce 
new restriction sites. Restriction sites used for introduction of mu- 
tagenic cassettes are indicated by the underlined nucleotide sequences 
and are listed above each line. Amino acid residues conserved {aster- 
isk) and residues conservatively replaced (+) in all the known 7 
subunit sequences are indicated. 

each of the mutations listed in Table I grew on succinate by 
oxidative phosphorylation demonstrating that residues He- 19, 
Thr-20, Lys-21, Glu-24, Met- 25, Val-26, Lys-30, Lys-33, Asp* 
83, Arg-84, Leu-86, Cys-87, and Asp-165 are not essential. 
Membranes with mutations in these residues had substantial 
ATPase activities which were often the same as wild type 
(Table I). 

The distinct exception was 7Met-23 — ► Lys (Table II). Cells 
harboring this mutation formed no visible colonies after 5 
days on agar medium containing succinate; however, in liquid 
medium with the same carbon source, the strain grew slowly 
with a growth yield of 15% compared with wild type. This 
observation indicated that the mutant enzyme is capable, 
albeit slowly, of net synthesis of ATP by oxidative phos- 
phorylation. 

To test the requirement for the side chain at position 23, 
we introduced four other mutations: 7Met-23 —> Arg, Asp, 
Glu, or Leu (Table II). The 7Arg-23 mutant grew slowly on 
succinate similar to 7Lys-23, whereas other mutants showed 
substantially higher growth yields. In contrast to their slow 
growth, the 7Arg-23 and 7Lys-23 mutants had membrane 
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Table I 

Growth yields, membrane ATPase activities, and ATP-dependent H* 
pumping of strain KFWrA (yGln-14 — » end) 
harboring mutant uncG genes 
Growth yields, ATPase activities and A^h* were measured as 
described previously (13). Growth yields in succinate minimal me- 
dium are reported as percentages of that obtained from KFlOrA 
harboring pBWGIS (wild- type y gene). ATPase activities are reported 
in units of micromoles of P t /min/mg protein. The ability of each 
strain to form Ap H + was estimated by ATP-dependent acridine orange 
fluorescence quenching and is reported in percent relative to that 
obtained from the wild type. For each mutation, the wild-type amino 
acid, position, and codon are listed followed by the changes made. 
Residues conserved in all the y genes so far sequenced are underlined. 
Asp- 165 changes to Ala, Glu, or Lys gave results identical to the listed 
Asn change. 



ATP 

v 



CCCP 

v 



Mutation 


Growth 
yield 


ATPase 
activity 






% 


unitsfmg 


% 


Wild type 


100 


1.7 


100 


No y gene 


1.7 


0.018 


0 


Ile-19 (ATC) -> Glu (GAA) 


69 


0.71 


57 


TnT^O (ACT) — Val (GTT) 


99 


L7 


100 


Lys-21 (AAA) — Leu (CTG) 


98 


1.6 


98 


Glu-24 (GAG) — Leu (CTG) 


99 


1.5 


100 


Met-25 (ATG) — Lys (AAA) 


97 


1.2 


94 


Val-26 (GTC) — Glu (GAA) 


94 


1.6 


93 


EyT^O (AAA) — Glu (GAA) 


99 


0.86 


94 


— Leu (CTT) 


95 


0.91 


99 


Lys-33 (AAA) — Glu (GAA) 


98 


1.6 


98 


— Leu (CTT) 


101 


1.8 


100 


Asp -83 (GAC) -* Lys (AAA) 


100 


1.5 


98 


-* Val (GTT) 


101 


1.6 


100 


Arg-84 (CGT) Glu (GAA) 


95 


1.1 


100 


— Leu (CTT) 


94 


2.3 


94 


Leu-86 (TTG) — Glu (GAA) 


83 


0.79 


100 


Cya-87 (TGC) Ala (GCA) 


101 


1.7 


98 


Asp- 165 (GAC) -> Asn (AAC) 


102 


1.5 


94 



Table II 

Growth yields, membrane ATPase activities, and ATP-dependent H* 
pumping of y Met -23 mutants 



Mutation* 


Growth yield 


ATPase activity 






% 


unitsfmg 


% 


Lys (AAA) 


15 


1.1 


17 


Arg (CGT) 


28 


1.7 


32 


Asp (GAC) 


57 


0.94 


71 


Glu (GAA) 


86 


1.0 


78 


Leu (CTG) 


87 


1.8 


89 



cacn amino acia cnange is iouowea oy xne coaon usea to e 
the mutation. See Table I for explanations of table headings. 

ATPase activities similar to the wild type: 100 and 
respectively. In addition, the assembly of these mutants ap- 
peared normal as the relative amount of the mutant y subunits 
was similar to wild type when visualized on immunoblots 
using purified anti-y antibodies (data not shown). 

ATP -driven H+ Gradients in Mutant Membrane Vesicles— 
Membranes isolated from most of the mutants showed essen- 
tially the same degree of ATP-dependent acridine orange 
quenching (Tables I and II and Fig. 2A ). These experiments 
indicated the ability of these mutants to form an electrochem- 
ical gradient of protons dependent on ATP hydrolysis which 
was consistent with their ability to grow by oxidative phos- 
phorylation. In sharp contrast, the 7Arg-23 and 7Lys-23 
mutant membranes formed greatly reduced gradients of 32 
and 17%, respectively (Fig. 2B). As indicated above, y Arg- 23 
and yLys-23 mutants had substantial membrane ATPase 
activities. Clearly, the degree of the H* gradients formed did 
not correlate with the ATPase activities. Not as dramatic, 
membranes from ylle-19 — * Glu also formed a smaller H* 
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Arg- 23. Lys 23. Wild type 

Fig. 2. Formation of an electrochemical gradient of protons 
in membrane vesicles from strain KFlOrA (yGln-14 — ► end) 
harboring mutant uncG genes. A, ATP-dependent fluorescence 
quenching (ATP-dependent formation of an electrochemical H~ gra- 
dient) in membranes from the indicated uncG mutants which had 
similar ATPase activities (0.7-1.1 /tmol/min/mg protein). The mu- 
tant enzymes tested were 7lle-l9 — ► Glu (Gh>19), yMet-23 — ► Lys 
(Lys-23), ?Lys-30 -* Glu (Glu-30), T Arg-84 -> Glu (Glu-84), and 
7Leu-86 -» Glu (Glu-86). Membranes from strains harboring 
pBWGIS (wild type) or pBR322 (no y) are shown for comparison. 
100 ug of membrane vesicles were suspended in 1.0 ml of 10 mM 
Tricine (iY"-(2-hyd^oxy-l^-bis(hydroiymethyl)ethyl)glycine)-cho- 
line, 140 mM KC1, 5 mM MgCl 2 , 1 /ig/ml valinomycin, and 1 pM 
acridine orange, pH 8.0. Fluorescence at 530 run (excitation at 490 
nm) was monitored at 25 *C. At the indicated times (arrows), 5 pi of 
0.2 M ATP (Trie salt, 1 mM final concentration) or 1.5 /d of 1 mM 
carbonylcyanide-m-chlorophenylhydrazone (1.5 uM) was added. 
Traces for wild-type, yArg-84 — > Glu, and 7 Leu-86 — ► Glu membranes 
were identical. JB, ATP-dependent fluorescence quenching in mem- 
branes from strains with y Met- 23 changed to the indicated residue 
or lacking the plasmid uncG gene (no 7). Conditions were the same 
as in A. C, respiratory fluorescence quenching. Membrane vesicles 
from wild-type or -yIle-19 Glu (Glu-19), -yMet-23 — > Arg (Arg-23), 
and y Met- 23 — » Lys (Lys-23) mutant strains were incubated as 
described in A, except that the fluorescence of 1 jiM quinacrine was 
monitored (420- nm excitation and 500-nm emission). At the indicated 
times, 10 pi of 0.5 M D- lactate (5 mM, final concentration), 1 pi of 20 
mM ethanolic dicyclohexytcarbodiimide (20 pM), or 1.5 pi of 1 mM 
carbonylcyanide-m-chlorophenylhydrazone (1.5 pM) were added. 
Traces for ->-Met-23 — ► Arg, yMet-23 — ► Lys, and wild- type mem- 
branes were identical. 
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gradient than indicated by its ATPase activity. For compari- 
son, we point out that membranes from 7 Met- 23 — ► Asp or 
Glu, 7Lys-30 -* Glu or Leu, -yArg-84 — ► Glu, or yLeu-86 -> 
Glu each had lower ATPase activities than wild type (46- 
65%) but formed electrochemical gradients of protons similar 
to wild type (71-100%, Fig. 2, A and B). It is noteworthy that 
replacing the neighboring Met at position 25 with Lys had 
little effect on ATPase activity and H* pumping (Table I), 
suggesting that the behavior of a basic residue at position 23 
was unique in its effect on H + ranslocation. 

The formation of weak H* gradients by the mutants at 
position 23 was not due to the passive leakage of protons 
through Fo» which may have been exposed during membrane 
preparations; membranes of 7Arg-23 and yLys-23 mutants 
displayed the same degree of respiratory fluorescence quench- 
ing as the wild type (Fig. 2C). Furthermore, treatment with 
dicyclohezylcarbodiimide, which seals the H + pathways of the 
Fo portion (which La open when F* dissociates), had no effect. 
Importantly, we found that the assembly and function of the 
Fo sectors in the mutant enzymes appeared normal. Mem- 
branes from mutants or wild type in which the Fi portion was 
depleted by washing with dilute buffer containing EDTA 
showed no respiratory or ATP -dependent fluorescence 
quenching (Fig. 3). Subsequent incubation with wild-type Fi 
reestablished the ability of wild-type and mutant membrane 
preparations to form electrochemical H + gradients. 

DISCUSSION 

Even though the amino terminus of the y subunit appears 
well conserved through evolution, 13 residues between 7lle- 
19 to 7Lys-33, 7Asp-83 to 7Cys-87, and at 7Asp-165 could be 
changed with little or no effect on ATPase function. Only 
changes at position 23 (Met -* Arg or Lys) significantly 
affected the function of the enzyme. Even then, the conserved 
7Met-23 residue is not essential, because it can be changed 
without complete loss of function. However, 7Met-23 is 
clearly important in the energy coupling between ATPase 
catalysis and H + translocation. 

Because of the dramatically weaker pumping by the lArg- 
23 or 7Lys-23 mutant enzymes compared with their ATP 
hydrolysis activity, we could easily distinguish their effects 
from trivial explanations. The mutant membranes showed 
normal respiratory-driven quenching, indicating that they 
were not H + leaky. The Fo segment from the mutant strains 
were functionally normal. Finally, the assembly of the mutant 
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FlG. 3. Reconstitution of functional F0F1 from Fi -depleted 
mutant membranes. 7lle-19-» Glu (Glu- 19), 7Met-23 — ► Arg (Arg- 
23), 7Met-23 — * Lys (Lys-23), and wild-type membranes were de- 
pleted of the Fi sector and reconstituted with purified wild-type Fj as 
described earlier (18). These membranes were then subjected to ATP- 
dependent fluorescence quenching measurements as described in the 
legend to Fig. 2A. The traces for depleted membranes of the wild- 
type and three mutants were identical. 



Fj also seemed normal as detected by the membranes which 
were not leaky to protons, by membrane ATPase activities 
which were similar to wild type, and by immunoblot analysis. 
Clearly, the weak ATP-dependent H + gradients of the yArg- 
23 and 7Lys-23 mutants were due solely to a perturbation in 
the altered 7 subunit. 

The data strongly indicate that the 7Arg-23 and 7Lys-23 
mutants were profoundly inefficient in H* pumping. Likewise, 
the very slow growth on succinate indicated that A^/r-driven 
ATP synthesis was also very inefficient However, we point 
out that the ability to grow by oxidative phosphorylation 
demonstrates another important characteristic, the mutants 
were capable of net synthesis of ATP, This observation estab- 
lishes that the ATPase catalytic sites were still regulated by 
Am/t, which is in contrast to the expectation if the mutant 
enzymes were uncoupled in the same sense as free Fi, not 
regulated by Ap/r* and freely hydrolyzing ATP. Mutants of 
this type have been described; for example, the enzyme with 
the subunit c Asp -61 — ♦ Gly mutation had ATPase activity 
similar to wild type, even though its H + pore was blocked 
(33). Furthermore, we note that the effect of the 7 Arg- 23 and 
7Lys-23 mutants was not due to a strict change in coupling 
ratio. In this event, the enzyme would remain efficiently 
coupled but pump fewer protons per ATP hydrolyzed. This 
type of enzyme is expected to form a stronger H + gradient 
and not be readibly reversible (34). We conclude, then, that 
the 7Arg-23 and 7Lys-23 mutants cause a slippage in the 
energy coupling between ATPase catalysis and H + translo- 
cation and that these mutations perturb a function which is 
distinct from A^/r regulation of ATPase hydrolysis and syn- 
thesis. 

Discussions in recents reviews (1,4) suggest that transport 
in the F0F1 -ATPase is coupled via a conformational link. 
Several pieces of evidence indicate that the 7 subunit partic- 
ipates in such a linkage by interacting with other subunits. 
First, the 7 subunit intimately interacts with the catalytic 
subunits as demonstrated by chemical cross-linking to 0 (35, 
36) and by the requirement of the 7 subunit for reconstitution 
of the minimal assembly capable of ATP hydrolysis (6, 7). 
Second, 7 subunit mutations, which delete either the carboxyl 
terminus (13, 15) or amino terminus (14), 1 cause the failure 
of the Ft complex to assemble, suggesting that both ends 
interact with other subunits. Third, residues in these terminal 
regions are involved in energy coupling (Ref. 13 and this 
study). This hypothesis suggests a search for second-site 
mutations which would suppress the perturbation caused by 
7Arg-23 and 7Lys-23. Such changes of amino acids elsewhere 
in the enzyme complex would indicate residues which interact 
with yMet-23 and therefore indicate the energy link between 
catalysis and H* translocation. 
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A mutant Fj -ATPase a^f^y subcomplex from the ther- 
mophilic Bacillus PS3 was constructed, in which 111 
amino acid residues (Val 92 to Phe 302 ) from the central 
region of the y subunit were replaced by the 148 amino 
acid residues of the homologous region from spinach 
chloroplast F r ATPase y subunit, including the regula- 
tory stretch, and were designated as a 3 /3 3 7(TCT) (Thermo- 
philic-Chloroplast-Thermophilic). By the insertion of 
this regulatory region into the y subunit of thermophilic 
F lf we could confer the thiol modulation property to the 
thermophilic Og/^y subcomplex. The overexpressed 
aaPsyercT) w «s easily purified in large scale, and the ATP 
hydrolyzing activity of the obtained complex was shown 
to increase up to 3-fold upon treatment with chloroplast 
thioredoxin-f and dithiothreitol. No loss of thermostabil- 
ity compared with the wild type subcomplex was found, 
and activation by dithiothreitol was functional at tem- 
peratures up to 80 °C. a 3 03Y(TCT) was inhibited by the c 
subunit from chloroplast FrATPase but not by the one 
from the thermophilic Fj-ATPase, indicating that the 
introduced amino acid residues from chloroplast Fj-y 
subunit are important for functional interaction with 
the € subunit. 



F 0 F r ATP synthases ubiquitously occur in eucaryotic and 
procaryotic cells and synthesize ATP from ADP and inorganic 
phosphate at the expense of a trans-membrane electrochemical 
proton gradient (1-4). The bacterial enzyme consists of a hy- 
drophilic F x part with a subunit composition of a 3 fi 3 ySe (5) and 
a hydrophobic F 0 part with a subunit composition of SLih 2 c 10 _ 12 
(6). The subcomplex a^y 1 is the minimum complex that is 
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capable of hydrolyzing ATP (7). A high resolution x-ray struc- 
ture of a major part of the bovine heart mitochondrial F 1 
revealed an alternating hexagonal arrangement of the three a 
and the three 0 subunits with two a-helices of the 7 subunit 
forming a coiled-coil in the central cavity (8). The crystal struc- 
ture of an a 3 0 3 complex from the thermophilic Bacillus PS3 is 
completely symmetric (9), but the incorporation of the 7 sub- 
unit into this complex induces a functional asymmetry among 
the three catalytic sites (10) residing on the j3 subunits at the 
interface to the a subunits. Rotation of the 7 subunit relative to 
a 3 j3 3 had been suggested from kinetic analyses (11), biochemi- 
cal experiments (12), and biophysical measurements (13). Fi- 
nally, by a single molecular observation technique, rotation of 
the 7 subunit during the ATP hydrolysis reaction in the a 3 0 3 
hexamer (14-17) was shown. 

The molecular structure of the F^-ATP synthase of chloro- 
plasts may be basically the same as those of other FqF^ but 
this enzyme has a unique regulation system. The activity of 
chloroplast FJP^ and F x (CF a ) is strongly regulated by the 
reduction and the oxidation of a disulfide bridge in the 7 sub- 
unit formed between the two cysteines Cys 199 and Cys 205 (spin- 
ach chloroplast) (18); this regulation system is called thiol 
modulation (19). Reduction of the disulfide bond elicits the 
latent ATP hydrolyzing activity of the isolated CF X . In vitro 
reduction can be achieved by dithiothreitol (DTT) or other 
dithiols, but the natural reductant is reduced thioredoxin-/ 
(Trx-/) (20-22). Introduction of nine amino acids comprising 
the regulatory sequence into the cyanobacterial 7 subunit in- 
duced thiol modulation in Sytiechocystis (23, 24). Conversely, 
replacement of the two cysteines by serines in 7 subunit of 
CFqCFj from Cfdamydornonas reinhardtii (25, 26) resulted in a 
non-modulated enzyme. However, due to the lack of suitable 
overexpression systems for the subunits of CF a and because of 
its insufficient ability for the reconstitution of the complete 
enzyme complex, little information is available about the de- 
tails of this regulation mechanism. Recently we have succeeded 
in the reconstitution of a chimeric complex from recombinant a 
and /3 subunits of F l of the thermophilic Bacillus PS3 (TF a ) and 
the recombinant 7 subunit from spinach CF 1 (27). The result- 
ing chimeric a 3 /3 3 7 complex, which had substantial ATPase 
activity, was clearly regulated by the d is ulfide/di thiol state of 
the two regulatory cysteine residues. We could demonstrate the 
importance of the region around the disulfide bridge of 7 sub- 
unit for the regulatory interaction with e subunit which is 
known to inhibit activity (28). However, stability of this chi- 
meric complex was still lower than that of wild type thermo- 
philic af 3 0 3 7i and large scale preparation was difficult. 

In order to understand the molecular mechanism of thiol 
regulation, we engineered a chimeric a 3 0 3 7 subcomplex of TF A 
in which the central half of the 7 subunit was replaced by the 
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TF 2 -a 3 j$ 3 y Containing the Regulatory Region of CF r y 



Fig. 1. Amino acid sequence of 
y<TCT>- Residues 1-91 (1-95 by CF r 7 
numbering) are derived from the y sub- 
unit of TF 1 (TF r y), residues 92-239 (bold 
letters) including the additional regula- 
tory stretch (190-226) from the 7 sub unit 
of CF l (CF r 7), and residues 240-319 
again from the 7 sub unit of TF V For com- 
parison the domains resolved in a high 
resolution x-ray structure of bovine heart 
mitochondria F r ATPase (MF r y) are 
shown (8). The long N- terminal and C- 
terminal helices form a coiled-coil inter- 
acting with the a 3 /5 3 hexagon. The closed 
boxes show the position of binding regions 
of the e subunit reported in Ref. 51. 
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equivalent part of the y subunit from CF 1 including the regu- 
latory cysteines (Fig. 1). The remaining parts derived from the 
TF T -7 subunit mainly consists of the N-terminal and C-termi- 
nal a-helices forming the coiled-coil and a small additional 
a-helix. The chimeric a 3 j3 3 7 subcomplex was successfully over- 
expressed in Escherichia coli and purified as an active ATPase. 
Then we investigated the enzymatic property of this complex 
under reduced and oxidized conditions. 

MATERIALS AND METHODS 

Chemicals — Restriction enzymes were purchased from Toyobo Co., 
Tokyo, Japan. DTT and MOPS were from Nacalai Tesque, Kyoto, Ja- 
pan. TNP-ATP was synthesized and purified by the method as de- 
scribed (29, 30). All other chemicals were of the highest grade commer- 
cially available. 

Bacterial Strains — Plasmid amplification was carried out with E. coli 
strain JM 109, and single-stranded uracil-con taining DNA was ob- 
tained from E. coli strain C J 236, and for protein overexpression E. coli 
strain JM 103 &uncB-D was used. 

Plasmid Construction — A DNA fragment coding for a, 7 (S106C), and 
/3 (carrying an N-terminai tag of 10 histidine residues) subunits of TF X 
on the expression plasmid, pkkHisCys5 (14), was cloned into the multi- 
cloning site of the M13mpl8 vector, and single-stranded uracil-contain- 
ing DNA was obtained by the method of Ref 31. The location for two 
silent mutations to construct NspV restriction sites was determined 
with the program MOTOJIMAN provided by Fumihiro Motojima, To- 
kyo Institute of Technology, and introduced by the method as described 
(31) using the primers 5'-CACGAGGCGCAGCACGTTCGAATTG- 
TACGCGCCAGC and 5 -TTCTTCTTGCGACGGTTCGAATTCGTA- 
CACCGTGCG. Then the DNA fragment coding the deduced 7 subunit 
was cut out with the restriction enzymes Nhel and BglU and cloned into 
the equivalent position between the genes for the a and 0 subunits on 
the pkkHisCysS vector. 

A fragment of spinach chloropiast DNA coding for amino acid resi- 
dues I,eu 9S -Phe 243 of the y subunit of CF A was amplified by the polym- 
erase chain reaction method using the phosphorylated primers 5'-CGG- 
GATCCCGTTAGAAGTTGCTGAAGAAGGCTGAGTCTAGG and 5'- 
CGGGATCCCGTTCGAATTCCAGAATTGGGGAAAATGCTGG with 
the vector containing the gene for the y subunit of spinach CF X (27) as 
a template. The obtained DNA fragment was inserted by blunt-end 
ligation into pBluescript vector, which was previously digested with 
Smal. Then the vector was digested with NspV to obtain a cohesive-end 
DNA fragment. Finally the above described pkkHisCysS vector with 
two introduced NspV sites was digested with NspV and Hgated with the 
cohesive-end DNA fragment to obtain the expression plasmid for 
0f 3i 3 3'y(TCT) (pkkTCT vector). The correct orientation of the DNA frag- 
ment inserted into pkkTCT was confirmed by digestion with Nhel and 
A/7II. 

Overexpression and Protein Purification of a^y^cjy and a 3 p 3 y (&- 
His,ySl06C)— pkkTCT was transformed into E. coli JM 103 strain, 
cultivated on LB medium agar plates containing 100 ug/ml ampicillin, 
and then inoculated into the liquid culture. A 2-liter liquid culture in 
the same medium was harvested after 9 h cultivation. Cells were 
collected by centrifugation and disrupted by soni cation. The superna- 



tant was directly applied to a nickel-NTA (mtrilotriacetic acid) super- 
flow column (Qiagen, Hilden, Germany) equilibrated with 50 mM 
MOPS-KOH, pH 7.0, 100 mM KCl, 5 mM MgCLj, and 10 mM imidazole. 
The column was washed with the same buffer containing 25 mM imid- 
azole and then the enzyme was eluted with the same buffer containing 
250 mM imidazole. 

The recombinant <t$& z y subcomplex of TFj containing a histidine tag 
on the N terminus of the 0 subunit and the substitution of Ser 10ft of the 
7 subunit to Cys (« 3 /3 3 y (0-His, 7SIO6Q) was expressed by using the 
pkkHisCys5 vector and purified by the method described (11). 

Preparation of the e Subunits — e subunit of TFj was overexpressed in 
E. coli and isolated as described (32). The recombinant e subunit of CF a 
was expressed as an inclusion body and purified (27). Prior to use, the 
folded fe subunit of CF a was prepared as follows: the inclusion bod}' was 
solved with 8 M urea, 50 mM Tris-Cl, pH 8.0, 1 mM EDTA, and 0.5 mM 
DTT and dialyzed against 50 mM MOPS-KOH, pH 7.0, 100 mM KCl, and 
5 mM MgCl 2 for 6 h. 

Preparation of the Recombinant Trx-f— Spinach chloropiast Trx-f 
was overexpressed ini?. coli and isolated as described (21). The concen- 
tration of the purified Trx-f was determined by the measurement of the 
absorbance at 278 nm using the published molar absorption coefficient 
value of 16,830 M'^m" 1 (33). 

ATP Hydrolysis Activity — ATP hydrolysis activity wa3 measured in 
the presence of an ATP regenerating system (34) with a spectrophotom- 
eter model U-3100 (Hitachi, Tokyo, Japan) equipped with a stirrer. The 
reaction mixture containing 50 mM MOPS-KOH, 100 mM KCl, 5 mM 
MgCl 2 , 2 mM phosphoenolpyruvate, 2 mM ATP, 50 ug/ml pyruvate 
kinase, 50 ug/ml lactate dehydrogenase, and 0.2 mM NADH was used. 
After a base line was monitored for 1-2 mi n, the reaction was initiated 
by the addition of 5-10 ug of or 3 ^ 3 7 (TCX) , and the activity was measured 
by monitoring the decrease of NADH absorption at 340 nm at 25 °C. 

In the case where the ATP regenerating system was not applicable, 
the activity was measured by quantifying the amount of produced 
phosphate (35). 80 ul of 50 nmMOPS-KOH, pH 7.0, 100 mM KCl, 5 mM 
MgCLj, and 2 mM ATP were incubated in a water bath for 2 min, and 
then the reaction was started by the addition of 20 ul (2 ug) of 
a 3 j3 3 7 (TCT) . After 2 min, the reaction was quenched by the addition of 
100 ul of 2.4% (w/v) trichloroacetic acid. The reaction was carried out at 
25 a C unless stated otherwise. 

Inhibition by the e Subunit — ct^y^^ or c* 3 P 3 y (0-His, 7SIO6C) 
were mixed with the c subunit of CF X or TF X and incubated for 1 h at 
room temperature. The mixture was then directly applied to the ATP 
hydrolysis assay using an ATP regenerating system as described above. 

ATP Hydrolysis Under Uni-site Conditions— « 3 /3 3 -y tXcrr} was oxidized 
with 50 um CuCls or reduced with 15 mM DTT for 1 h at 30 *C. DTT in 
the sample was removed by an HPLC gel filtration column (TSK 
SOOOSWxl, Tosoh Co., Tokyo, Japan) equilibrated with 50 mM MOPS- 
KOH, pH 7.0, 100 mM KCl, and 5 mM MgCl 2 because DTT directly 
affected the following quantitative measurement of nucleotides. This 
step also reduced the amount of intrinBically bound nucleotides from 0.8 
mol ADP/mol a^y^^y to <0.1 mol ADP/mol aj} 3 y i7cry Each of the 
complexes was diluted to a protein concentration of 700 nM. A 50-pd 
aliquot was preincubated in a 25 °C water bath and then mixed with the 
same volume of 150 nM TNP-ATP. At the indicated period the reaction 
was terminated by addition of 5 ul of 24% (w/v) trichloroacetic acid. The 
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FlG. 2. Gel electrophoresis of purified ofa/J^^cr)* Purity and the 
subunit composition of the complex a-^y^cT) wai? analyzed by SDS-gel 
electrophoresis. A 15% (w/v) polyacrylamide gel was used. Each lane 
contained 15 |tg of proteins. Lane 1, CF^ lane 2, a 3 /3 3 7 (0-HLs, 7SIO6C); 
lane 3, a 3 037 <TCX) . Bars indicate positions of molecular mass markers 
(kDa). 

amounts of TNP-ATP and TNP-ADP were determined by reversed- 
phase HPLC (35). In case of chase acceleration experiments. 10 /ii of 
* 100 jzM ATP was added instead of trichloroacetic acid and incubated for 
further 10 s. Then the reaction was stopped by the addition of trichlo- 
roacetic acid as stated above. 

Gel Electrophoresis — Polyacrylamide gel electrophoresis in the pres- 
ence of SDS was performed according to I^aemmli (36). Protein bands 
were visualized by the staining with Coomassie Brilliant Blue R-250. 

RESULTS 

Preparation and Purification of oc^PaJcrcT) — a 3037(TCT) was 
overexpressed in E. coli JM 103 and purified by Ni-NTA affin- 
ity chromatography. The purity of the protein and the occur- 
rence of the individual subunits in the complex were confirmed 
by SDS-gel electrophoresis (Fig. 2). The yield of or 3 /3 3 7 tXCX) 
complex was about 80 mg of protein from a 2-liter E. coli 
culture, comparable to the yield of wild type a s fi 3 y (7) or a 3 j3 3 7 
</3-His, 7SIO6C) (14). 

The molecular mass of the 7 subunit in the O3037crcr). com- 
plex was about 35 kDa, clearly larger than the y subunit of 
a 3 /3 3 7 (0-His, 7SIO6C) but very similar to the 7 subunit of CF 1 
(Fig. 2), indicating the successful expression and the formation 
of the complex with the mutant 7 subunit. 

Modulation of Activity by Oxidation and Reduction — The 
activity of ATP hydrolysis catalyzed by the purified <* 3 /} 3 7 rrcT) 
was measured spectrophotometrically by the pyruvate kinase/ 
lactate dehydrogenase assay that provides continuous regener- 
ation of ATP. Upon addition of oxidized and reduced «3037(tct) 
to the reaction mixture, ATP hydrolysis proceeded in a linear 
manner for at least 10 min without time-dependent innerva- 
tion (Fig. 3A), but the rates were different as follows: Osfey^T) 
was clearly activated by preincubation with DTT. When DTT 
alone was used for reduction, up to 2-fold activation was ob- 
tained (Fig. 3, A and B). Activation was saturated at 15 mM 
DTT (Fig. SB). Extension of the preincubation time for more 
than 1 h did not significantly increase activation. Interestingly, 
the activation was higher if reduction was carried out with a 
combination of DTT and Trx-f (Fig. 3, A and B). When ATP 
hydrolysis reaction was initiated by addition of oxidized 
a 3 j3 3 7 (TC T> and 15 mM DTT plus 500 nM Trx-f (final concentra- 
tion) was added to the reaction mixture after 5 min, remarka- 
ble activation could be observed within several minutes (Fig. 
3A, inset). The concentration of Trx-f for half-maximal activa- 
tion was about 200 nM (Fig. 3£, inset), considerably lower than 
that for authentic CF 1} which was more than 1 /am (21). The 
specific activity of or3p 3 7 (TCT) in the oxidized state was 1.0-1.2 



units/mg, and upon reduction with 15 mM DTT it increased to 
2.2-2.6 units/mg, and with 15 mM DTT plus 500 nM Trx-/" 
3.0-3.3 units/mg were measured. Quantification of thiol groups 
indicated additional 1.6-1.9 mol of SH/mol of 0f3fe7rrcT> after 
reduction with 15 mM DTT and additional 1.7-2.0 mol of SH/ 
mol of «3j3 3 7( TCT > after reduction with 15 mM DTT plus 500 nM 
Trx~f. 

The specific activity of a 3 p 3 7(TcT> * n *h e fully reduced state 
under the reaction conditions above (pH 7.0) was comparable to 
that of Q£ 3 /3 3 7 (/3-His, 7SIO6C) under the same conditions (4.5 
units/mg). The pH optimum was between 8.5 and 9.0, similar to 
the values reported for wild type a 3 0 3 7 (7), for TF X (37), and for 
CF X (38). 

Thermostability of ctsPsycrcT) — The optimum temperature of 
the ATPase activity of oxidized and reduced <*3/3 3 7(tct> was at 
70 °C, the same as that of a 3 $ 3 y (/3-His, 7SIO6C) (Fig. 4) and 
comparable to the values reported for wild type TF X and a 3 /3 3 7 
(7). The ratio between the activities of oxidized and reduced 
a 303Y<TCT) did not change significantly over the whole temper- 
ature range investigated. 

Interaction with the e Subunit — The effect of the inhibitory e 
subunit of CF X and that of TF X on ot3/337 (TC7r> was investigated 
(Fig. 5A). ATPase activity of a 3 fi 3 y (Tar> in its oxidized state was 
inhibited to 50-60% by the e subunit of CF^ Interestingly, 
a 3 )3 3 7 (TCT) in its reduced state was nearly insensitive to the 
CF r e subunit, resulting in about a 4-fold higher activity com- 
pared with 0£3J3 3 7 (TCT) in the oxidized state in the presence of 
the CF^e subunit. As reported previously, neither the CF r e 
subunit nor the TFj-e subunit had any significant effect on the 
activity of a 3 j3 3 7 (/3-His, 7SIO6C) when the ATP concentration 
was relatively high (32). However, a slight but significant in- 
crease of activity was observed upon incubation of oxidized 
Qr 3 ft 3 7 (X0T) with the TF 1 -e subunit (Fig. 5A). Again, this effect 
was less pronounced for ct 3 p 3 y (TCT) in the reduced form. 

To clarify the cause of the weakly stimulating effect of the e 
subunit of TF 1 on ATPase activity of as/3 3 7 {rcT ), we examined 
its binding to the complex. After incubation with e subunit of 
TF V the complex was separated from unbound e subunit by gel 
filtration HPLC. The a 3 ^ 3 y iTaY) fraction was then applied to 
SDS-PAGE (Fig. 5B). of 3 /3 3 7 (Xcr) in the oxidized state as well as 
in the reduced state could bind the e subunit of TF 1 in an 
approximately stoichiometric ratio, comparable to a 3 /3 3 7 {fi- 
His, 7SIO6C) under identical conditions. 

ATP Hydrolysis Under Uni-site Conditions — When a subs- 
toichiometric molar ratio of TNP-ATP was added to the oxi- 
dized or reduced cc 3 f$ 3 y (TCT) complexes, the ATP analogue was 
slowly hydrolyzed. With both complexes it took 20 s to hydro- 
lyze 50% of added TNP-ATP (Fig. 6). An interesting difference 
was observed upon the addition of chase ATP. Whereas hydrol- 
ysis of TNP-ATP by reduced a 3 £ 3 7 (TCT) was greatly accelerated 
by ATP, comparable to wild type a 3 & 3 y (32) and a 3 ftj7 (j3I389C) 
(39), chase promotion was obviously lower in the case of the 
oxidized o^ft^-rcT)* 

DISCUSSION 

In this study, an expression plasmid for an ar 3 0 3 7 subcomplex 
of TF X containing a TF^CFj chimeric 7 subunit (a 3 037(TCT>) 
was constructed, and the desired protein complex was success- 
fully overexpressed and purified with a yield comparable to 
those of wild type a^ 3 y (7) or a 3 0 3 7 (0-His, 7SIO6C) (14). This 
proves that combining two halves of 7 subunits from different 
organisms and the insertion of additional amino acid residues 
from the 7 subunit of CF 1 into the central part of the 7 subunit 
of TF X are no major obstacles for biosynthesis and in vivo 
stability of this protein complex in the employed expression 
system. Thus, although the homology between the transferred 
part of CF r 7 subunit and the replaced part of the TF r 7 sub- 
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Fig. 3. Effect of DTT and Trx on ATPase activity of TVrcir A, ATPase activity was measured using an ATP regenerating system 
monitoring the decrease of NADH absorption at 340 nm. Samples were preincubated for 1 h with 60 jim CuCl 2 (Ox), 15 mM DTT (DTT), or with 
15 mM DTT + 500 nM Trx- f (DTT + Trx) in 50 mM MOPS-KOH, pH 7.0, supplemented with 100 mM KCl and 5 mM MgCLj. The ATPase activity 
without incubation with DTT or Trx was 1.1 unit/mg and set as 100%. Inset, real time activation of oxidized agPgTtTCT) by addition of 15 mM DTT 
+ 500 nM Trx-/" at the indicated time. The dashed line shows the time course without addition of DTT and Trx-/*. B, dependence of ATPase activity 
of a3^37cTCD on fc ^ e DTT concentration. Closed circles, XmM DTT; open circles, X mM DTT + 500 nM Trx/ Inset, dependence of activation on Trx-/" 
concentration in the presence of 1 mM DTT. For details see under "Materials and Methods." 

tween y subunit and the catalytic sites on ft subunits (42, 43) 
and their investigation of the ATPase activity of a complex 
formed from the isolated CF] ct 3 /3 3 subcomplex and recombi- 
nant 7 subunit of which the C terminus was partially deleted. 
In their model, the tip of the C terminus of the y subunit does 
not act as a spindle for rotation. However, our results indicate 
that a bacterial y subunit can be transformed into a functional 
chloroplast-like 7 subunit. Thus the essential structural fea- 
tures and basic functions of both types of 7 subunits should be 
the same. This is also consistent with previous reports that 
upon introduction of the chloroplast 7-like regulatory stretch 
into the 7 subunit of cyanobacterial F : conferred thiol modula- 
tion on this enzyme (23, 24). In this mutant both ATP hydrol- 
ysis and ATP synthesis are controlled by thiol modulation. 
Furthermore, ATP hydrolysis activity of a reconstituted chi- 
meric complex containing the or and /3 subunits of TF^ and the 
7 subunit of CFj (ors^rsyc^ was regulated by thiol modulation 
(27, 28) although the complex showed reduced stability. 

Interestingly, a higher degree of activation of the complex 
a 3 /3 3 7 (TCT) could be achieved with a mixture of DTT and Trx-/* 
than with DTT alone (Fig. 3B), although we could not detect a 
significant difference in the amount of reduced thiol groups. 
This is consistent with our recently proposed model that a 
conformational change, which affects the enzyme activity, is 
induced by the interaction with Trx-/* (21). 

The measurement of the temperature optimum of ATPase 
activity shows that cc 3 fi 3 y iTCT)) similar to a 3 /5 3 7 (0-His, 
7SIO6C), is more stable than a chimeric 0x3^x3 7 C , which dis- 
played the highest activity at 55-60 °C (Fig. 4, compare with 
Fig. 2 of Ref. 27). This result implies that the introduction of 
the 148 amino acid residues from a mesophilic enzyme does not 
affect thermostability of the complex significantly. The most 
probable explanation is that the interaction between the coiled- 
coil structure of 7 subunit and the inner surface of the cavity of 
a 3 j33 hexagon is especially important for the stability of the 
complex. Although the homology of this coiled-coil region of the 
7 subunit is relatively high (27), some varying amino acid 
residues in the coiled-coil region might be very important for 
the stability of the complex. Activation by DTT was not affected 
by the temperature, so although thiol modulation in vivo usu- 
ally occurs at temperatures <30 °C in plants, it is also func- 
tional at temperatures as high as 80 °C. 
The e subunit is known to be an inhibitory subunit of F r 
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Fig. 4. Thermostability of or 3 /3 3 y tTCX) . ATPase activity was meas- 
ured in the absence of an ATP regenerating system at the indicated 
temperatures in 50 mM MOPS-KOH, pH 7.0, supplemented with 100 
mM KCl and 5 mM MgCl^ Produced phosphate was quantified by the 
method described (21). Closed circles, a 3 0 3 7 (XCX) oxidized with 50 /im 
CuCLjj open circles, oi 3 ^ 3 y ircT) reduced with 15 mM DTT; open squares, 
a 3 0 3 7 (/3-His, 7SIO6C). 

unit was only about 15% on the amino acid level, proper folding 
of the 7 subunit and insertion into the a 3 f} 3 hexagon appears to 
be unaffected. This is consistent with a recently published 
intermediate-resolution x-ray structure of E. coli ¥ X) which 
indicated that four a-helices, thought to be comprised by the 
central amino acid residues of the 7 subunit (roughly E. coli F x 
7100-200, corresponding to residues 100-235 of 7<tct)) are 
located at the tip of the enzyme and not in interaction with the 
Gr 3 03 hexagon (40). 

The ATPase activity of the ot^sJiTCT) complex was modu- 
lated by the reduction or oxidation of the two cysteines that 
were introduced by the insertion of the respective part of the 
CFj-7 subunit. An up to 3-fold activation could be observed by 
the complete reduction of these cysteines (Fig. 3). As this acti- 
vation ratio is in the same range as that reported for CF X 
(3-7-fold) (19-22), most likely the mechanism of thiol activa- 
tion is the same in the Q£ 3 A37<tct> complex. Sokolov et al. (41) 
recently proposed that the conformation of the 7 subunit of CF X 
may be different from other F x -7 subunits. Their conclusion is 
based on former results of energy transfer measurements be- 



TF r a 3 p 3 y Containing the Regulatory Region of CF 2 -y 



12761 




subunit 

Fig. 5. Interaction of a 3 #3Y< T cD with the e subunit of Fi-ATPase. A t influence of the e subunita on ATP hydrolysis activity. Samples were 
oxidized with 50 jim CuCLj (circles) or reduced with 15 mM dithiothreitol (triangles) and then mixed with the indicated amounts of the e subunit 
either from CF 1 (closed symbols) or from TF 1 (open symbols). ATPase activity was measured by an ATP regenerating system; the ATPase activities 
°f a 3^37(TCT) absence of any c subunit were 1.1 and 2.3 units/mg for « 3 /3 3 7 (TCX) oxidized by CuC^ and reduced by DTT, respectively, and were 

set as 100%. a 3 /3 3 y (J3-Hi3, 7SIO6C) (squares) wa3 used as control. B, binding of TFj-6 to a 3 j3 3 Y (TCT) was examined. B, isolated a 3 ^ 3 y fTcrT) ana a 3$zY 
O-His, 7SIO6C) were mixed with TF^ passed through a gel filtration HPLC, and then applied to 12% (w/v) SDS-PAGE. I*tne 1, TF r c; lane 2, 
<* 3 0 3 7 (0-His. 7SIO6C) -f TF r e; lane 3, a 3 f} 3 y iTCT) (oxidized) + TFj-e; lane 4, a 3 j8 3 y (Tcr) (reduced) 4- TF r e. 

is of chloroplast origin in 7(tct) appears to be crucial for bind- 
ing of and inhibition by the e subunit. 

As supposed from the suggested mechanism for the uni-site 
catalysis (29, 30), no significant differences could be detected in 
the rate of uni-site hydrolysis by oxidized or by reduced 
« 3 J3 3 7 CTCX) . However, we found a difference in chase accelera- 
tion of hydrolysis of TNP-ATP by the addition of excess 
amounts of ATP (Fig. 6). The range of the chase acceleration for 
the reduced 0L s ^y iTaT) was comparable to that published for 
TFi (35), wild type a 3 0 3 7 (32), and a 3 0 3 Y (0I389C) (39). How- 
ever, significantly lower acceleration was observed for the ox- 
idized ck3037(tct)> indicating an impaired interplay between the 
catalytic sites in the suppressed activity state caused by the 
formation of the disulfide bridge between Cys 199 and Cys 205 of 
the 7 subunit. The regulation of the enzyme activity might be 
attributed to this difference observed at the chase acceleration 
level. 

The chimeric subcomplex ^^ycvar) combines the property 
of thiol modulation, a unique feature of CF r ATPase, with the 
stability and relative ease of genetic manipulation of the TF r 
ATPase. It is therefore a very promising tool to investigate the 
structural basis and functional analyses of thiol modulation 
more in detail. Further experiments in this direction are under 
way in our laboratory. 



l 

Q_ 




Time (s) 

Fig. 6. Time course of hydrolysis of TNP-ATP by a^y^.^. 
a 3037(TCT) w ^s oxidized with 50 um CuClg (closed symbols) or reduced 
with 15 mM DTT plus 500 nM Trx (open symbols). 350 nM a 3 0 3 y {TCT) was 
incubated with 75 nM TNP-ATP at 25 °C for the indicated reaction 
period. The results of acid quench (circles) and chase acceleration 
(squares) were obtained from the measurement of remaining TNP-ATP 
and produced TNP-ADP by reversed-phase HPLC as described (35). 

ATPases. It has been proposed that the C-terminal helical 
domain of the e subunit is mainly responsible for the inhibitory 
function (44-48). As the € subunit could be cross-linked to the 
0 subunit (49, 50), the inhibition may be achieved by binding to 
the DELSEED region of the )3 subunit. We found that the e 
subunit of CF 2 can efficiently inhibit the ATPase activity of 
a 3&7<TCT) but riot that of a 3 /3 3 7 ()3-His, 7SIO6C), although the 
a and /3 sub units are identical (Fig. 5). This induces the con- 
clusion that an interaction of the e subunit with the 7 subunit 
may be more crucial for inhibition, possibly by providing proper 
binding and orientation of the e subunit. As the sequence of the 
amino acid residues 92-239 of the y subunit of <x 3 fi 3 y (T< j T) is 
different from a s $ 3 y (0-His, 7SIO6C), it can be concluded that 
this region confers the sensitivity to inhibition by the e subunit. 
Consistent with this finding, E. coli F x residue 7IO6 and the 
region 7202-212 have previously been found to be involved in 
binding of the e subunit by cross-linking and chemical labeling 
experiments (51). E. coli Fj-7106 corresponds to 7(tct>101» near 
the N-terminal part of the insertion from CF 1} t202-212 cor- 
responds to 7i'rcr) 234-244, located at the C terminus of the 
insertion (Fig. 1). Taken together, the part of the 7 subunit that 
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Abstract Rotation of the y subunit in chloroplast Fi-ATPase 
(CF|) was investigated by using a single molecule observation 
technique, which is developed by Noji et al. to observe the 
rotation of a central y subunit portion in the c^ffey sub-complex 
of F|-ATPase from thermophilic Bacillus PS3 (TF|) during ATP 
hydrolysis [Nop, H. et al. (1997) Nature 386, 299-302]. We used 
two cysteines of the y subunit (Cys-199 and Cys-205) of CF|- 
ATPase, which are involved in the regulation of this enzyme, to 
fix the fluorochrome-labeled actin filament. Then we successfully 
observed a unidirectional, counter-clockwise rotation of the actin 
filament with the fluorescent microscope indicating the rotation 
of the y subunit in CFj -ATPase. We conclude that the rotation of 
the y subunit in the F ( -motor is a. ubiquitous phenomenon in all 
Fj-ATPases in prokaryotes as well as in eukaryotes. 
© 1999 Federation of European Biochemical Societies. 

Key words: F\ -ATPase; Rotation; y Subunit; Chloroplast; 
Regulation 



1. Introduction 

F 0 Fi-ATP synthase of bacteria, mitochondria and chloro- 
plasts synthesizes ATP from ADP and Pj at the expense of a 
proton-motive force [1-3], The enzyme consists of the mem- 
brane-embedded sector F 0 responsible for proton transloca- 
tion, and the extrinsic catalytic part Fi. The architecture of Fi 
is very similar in various kinds of cells or organelles, respec- 
tively, and composed of five different summits, 0C3p3Yi5t£i. 
Rotation of the central y subunit in the OC3P3 headpiece of 
Fi during the hydrolysis of ATP as suggested by Boyer [4], 
was experimentally supported by a biochemical approach [5], 
and by polarization anisotropy relaxation measurement of the 
fluorophore-labeled y subunit of CFi [6]. Noji et al. directly 
observed the rotation of the y subunit in an 0:3 P3Y complex of 
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Abbreviations; Bicine, A^,A r -bis[2-hydroxyethyl]glycine; biotin- 
PEACs-maleimide, 6- {A r '-[2-(A^-malemiide)emyl]-jV-pipei^nylarni- 
do}hexyl o-bioninamide; CFi, chloroplast coupling factor 1; 
CFi(-5), 5-subunit deficient CF, ; DTT, dithiothreitol; EF t , Fj -AT- 
Pase from Escherichia coli plasma membrane; TF|, F t -ATPase from 
thermophilic Bacillus PS3 plasma membrane; MK buffer, 10 mM 
MOPS-NaOH buffer (pH 7.0) and 50 mM KC1; NEM, iV-ethyl-mal- 
eimide; MKB buffer, MK buffer plus 10 mg/ml bovine serum albu- 
min; MKR buffer, MK buffer containing 50 mM Na 2 S0 3 , 6 mM 
glucose, 0.5% 2-mercaptoethanol, 30 U/ml catalase, and 0.4 mg/ml 
glucose oxidase; MOPS, 3-[A^-morpholino]propanesulfonic acid; 
NEM, A^-ethyl-maleimide 



TFi by means of a fluorochrome-labeled actin filament fixed 
to this subunit [7]. They reported a unidirectional, counter- 
clockwise, and continuous rotation driven by ATP hydrolysis. 
It suggests that the y subunit may interact with three cc/p 
couples sequentially step by step according to the catalytic 
reaction occurring at each of three catalytic sites. At very 
low concentration of ATP Yasuda et al. recently succeeded 
to observe this step-wise motion of the subunit with 120 de- 
gree steps [8], suggesting that the stepping observed by the 
actin filament directly reflects the catalysis occurring on each 
of three catalytic sites resides on y subunits. Furthermore, 
Noji et al. [9] and Omote et al. [10] independently reported 
the rotation of the 7 subunit in E. coli Fi -ATPase by using 
essentially the same kind of experimental approach. 

On the other hand, Hartog and Berden [11] proposed a 
different catalytic mechanism which might exclude a simple 
rotation of the y subunit in Fi -ATPase. Based on the results 
from energy transfer experiments between the y subunit and 
catalytic sites on y subunits [12,13] and on the ATPase activity 
of a complex formed from the isolated CFi 0:3^3 subcomplex 
and recombinant y subunit of which the C-terminus was par- 
tially deleted, Sokolov et al. recently proposed a conformation 
of the y subunit of CFi in which the tip of the C-terrninus of 
the y subunit does not act as a spindle for rotation [14]. How- 
ever, large differences in the conformations of the y subunits 
of CFi and bacterial Fi are not very likely as we succeeded to 
form an ATPase active chimeric complex with the a and p 
subunits from TFi and the recombinant y subunit of CFj 
[15,16]. The resulting complex mostly maintained the features 
of TFi but was regulated like CFi by the formation and the 
reduction of a disulfide bridge located in this y subunit. 

To clarify whether the rotation of the y subunit in F t -ATP- 
ase is ubiquitous in nature, we here tried to demonstrate it in 
CFi by employing the method of Noji et al. [7]. As the actin 
filament was fixed to the y subunit via a naturally occurring 
cysteine, the CFi /actin derivative could be produced without 
any gene engineering technique. With this molecule we suc- 
cessfully observed a unidirectional, counter-clockwise rotation 
of the y subunit in CFi with the fluorescent microscope. 

2. Materials and methods 

2 J. Chemical: 

6- { A^-[2-(A^-maleimide)emyl>A^-pir^razinylamido} hexyl D-biouna- 
mide (biotin-PEACs-maleimide) was purchased from Dojindo labora- 
tories (Japan). MiV-bis[2-hydroxyethyl]glycine (Bicine), 3-[ J /V-morpho- 
linojpropanesulfonic acid (MOPS), A^-ethyl-maleimide (NEM), 
dithiothreitol (DTT), and streptavidin were from Sigma (USA). All 
of other reagents were the highest grade commercially available. 
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2.2. Preparation of CFi from spinach 

CFi was directly extracted with chloroform from thylakoid mem- 
branes prepared from market spinach [17] as previously described [18]. 
For the further purification, an Econo-Pac cartridge, /-butyl HIC 
(5 ml, Bio-Rad, USA) which was previously equilibrated with 50 
mM Tris-HCl (pH 8.0), 1 mM ATP, 0.5 mM EDTA and 0.5 M 
(NH^SO* was used [19]. The crude extract dissolved in the same 
buffer was loaded on the column and the proteins were eluted from 
the column by the gradient of (NRO2SO4 from 0.5 M to 0 M. The 
major peak fraction eluted from the column was the 5-subunit defi- 
cient CF| (CFj(— 8)) (Fig. 1, lane 1). It was stored as ammonium 
sulfate precipitation at 4°C. Before use, the preparation was desalted 
by passage through a gel filtration column (TSK G-3000xl» 14 mmX 
300 mm, Tosoh, Japan) equilibrated with 10 mM MOPS-NaOH 
buffer (pH 7.0) and 50 mM KC1 (MK buffer). 

2.3. Biotin-streptavidin label of CFj(-S) 

The desalted CFi(— 6) was first incubated with the equivalent molar 
ratio of NEM for 20 min at room temperature and unreacted NEM 
was removed by gel filtration chromatography as described above. 
The NEM-treated CF](~ 6) was then reduced by the incubation 
with 20 mM DTT for 20 min at 37°C. After the removal of DTT 
in the solution by gel filtration with the same column, five-fold molar 
ratio of biotin-PEACs-maleimide was added to CF](— 5) solution and 
was incubated for 20 min at room temperature. Unreacted biotin- 
PEACs-maleimide was removed by gel filtration and streptavidin 
was attached to bio tin on CF|(-6) by the addition of 10-fold molar 
excess streptavidin. Free streptavidin was then removed by a gel fil- 
tration column and the peak fraction containing streptavidin-labeled 
CFi (—5) was collected. 

2.4. Measurement of the ATPase activity 

The ATPase activity of CFj(-8) was measured according to the 
method described in [19]. The reaction mixture contained 4 mM ATP, 
1 mM MgCl 2 , 100 mM Na 2 S0 3 . The buffers used were 50 mM 
MOPS-KOH (pH 7.0), Tricine-KOH (pH 8.0), or Bicine-NaOH 
(pH 9.0). 

2.5. Rotation assay 

A flow chamber was constructed of two coverslips (bottom, 24 X 36 
mm 2 , top, 18x18 mm 2 ) separated by 50 urn spacers [7]. One chamber 
volume (about 10 ul) of 20 nM CF] solution was infused into the flow 
chamber and allowed to adhere to the glass surface for 2 min. The 
chamber was washed twice with three volumes of MK buffer plus 
10 mg/ml bovine serum albumin (MKB buffer). Then, 160 nM fluo- 
rescently labeled actin filament in MKB buffer was infused and in- 
cubated for 15 min. After the washing with MKB buffer, the solution 
in the chamber was replaced with MK buffer containing 50 mM 
Na 2 S0 3 , 6 mM glucose, 0.5% 2-mercaptoethanol, 30 U/ml catalase, 
and 0.4 mg/ml glucose oxidase (MKR buffer) plus 20 mM ATP and 
5 mM MgCl 2 to initiate ATP hydrolysis reaction. The chamber was 
observed on an inverted fluorescence microscope (DC70, Olympus, 
Japan). Fluorescence images were recorded with an intensified CCD 
camera (1CCD-350F, Video Scope, USA) on an 8 mm video tape and 
was analyzed by the image analysis software provided by Dr. Yasuda, 
R. 

3. Results and discussion 

3.1. Bio tin label of CFj-y subunit 

Spinach CFi has altogether 11 cysteines (a: 3X1; p: 3X1; 
y: 4; e: 1). All of these cysteines are potential candidates for 
the biotin-PEACs-maleimide labeling. However, the most re- 
active cysteine is Cys-322 on the y subunit (see figure 1 of Ref. 
[6]). This cysteine is the penultimate amino acid from the C- 
terminus and should be located on the top of the molecule 
according to the MFi structure [20]. In order to get the fila- 
ment fixed to the opposite pole of the y subunit, we first 
treated CFi(— 5) with NEM to block this cysteine. After the 
treatment, CFi(— 6) was reduced by DTT. This reduction con- 
verts a disulfide group between Cys-199 and Cys-205 to the 
respective dithiol groups [21]. By the subsequent treatment 
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Fig. 1. Biotinylation of the y subunit of CF|. SDS-PAGE was per- 
formed on 15% (w/v) polyacrylamide gel. Samples were as follows: 
20 ug of non-treated CF L (-8) (lane 1), 20 ug of biotinylated 
CF,(-8) (lane 2) and 3 ug of biotinylated CF|(-5) (lane 3). Pro- 
teins in lane 1 and 2 were stained with Coomassie brilliant blue 
R-250. Lane 3 was visualized by streptavidin-conjugated alkaline 
phosphatase. 

with biotin-PEACs-maleimide the biotin label could be intro- 
duced at Cys-199 or Cys-205. Both positions are in the por- 
tion of the y subunit that remained unresolved in the MFt 
structure [20] and located at the bottom pole of the Fi mol- 
ecule. Biotin labeled CF^— 8) was then analyzed by SDS- 
PAGE and the bands were visualized by streptavidin conju- 
gated alkaline-phosphatase (Fig. 1, lane 3). Biotin was only 
incorporated into the y and e subunit. Kato et al. already 
reported that the e subunit in TFi rotates together with the 
y subunit [22]. Therefore we did not try to separate possible 
different CFi /biotin derivatives from each other. 

3.2. ATPase activity of the modified CFj 

ATPase activity of streptavidin-labeled CFi (—5) was exam- 
ined in the presence of 100 mM Na2SC>3, which stimulates the 
ATPase activity of CF! [23], and compared with that of un- 
labeled CFi(— 8). The ATPase activity of CFi(-S) labeled 
with streptavidin was 0.83 s" 1 at 37°C, i.e. about 40% lower 
than that of unlabeled CFi but suitable for the rotation assay. 
The ATPase activity of the streptavidin-labeled CF t (-6) 
measured at 25°C (as for the rotation assay) was 1.31 s~ l at 
pH 8 and 1.97 s~ l at pH 9, i.e. six to seven-fold higher than 
that measured at pH 7 (0.21 s~ l ). These rates are similar to 
those reported previously [24], but much slower than those 
obtained for the 0^37 complex of TFi [7,8]. 

3.3. Observation of the rotation of CF r y 

The CFt(— 5) derivative spontaneously fixed to the glass 
surface when it was infused into the flow chamber. When 
streptavidin-labeled CF t (— 8) was employed and the fluoro- 
chrome labeled actin filament was infused, lots of actin fila- 
ments were observed under the fluorescence microscope but 
no filament was observed when biotin-labeled CFi(— 8) was 
used instead of streptavidin-labeled CFi(— 5), implying that 
the actin-filament was bound to CFi(— 5) via streptavidin. 
Adhesion of CFi(— 8) on the glass surface was disturbed 
when MKB buffer, which contains 10 mg/ml bovine serum 
albumin, was infused previously, and no binding of actin fil- 
aments was observed in this case. 

As shown in Figs. 2 and 3, we could find a few filaments 
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Fig. 2. Sequential images of a rotating actin filament attached to the y subunit on CF| at 20 mM ATP, 5 mM MgCl 2 . The filament length was 
1.26 am and the averaged rotational speed was 3.2 rounds/s; time interval between images was 33 ms. This figure can be viewed as a time-lapse 
movie sequence at our web site (http://www.res. titech.ac.jrVseibutu/hisabori/index-e.htm). 



which showed unidirectional, counter-clockwise rotation like 
those on ct 3 p 3 Y from TF t and EF t [7-10], when MKR buffer 
with 8 mM ATP and 2 mM MgCl 2 , or MKR buffer with 
20 mM ATP and 5 mM MgCh was infused. At the same 
time vigorous movements of actin filaments which did not 
show the continuous rotation were observed. In the midst of 
the observation, we found that an actin filament suddenly 
divided into three sections and the middle fragment started 
wobbling. 

The frequency to find the filament which showed the con- 
tinuous rotation was lower than that for 013P3Y complex of 
TFi [7]. One of the possible reasons might be that the number 
of the CF X derivatives with the top fixed on the glass surface 
was lower than was the case for TF t . In the case of TFi the 



orientation of the molecule was controlled by the combination 
of histidine-tag connected to the p subunit and Ni-nitrilotri- 
acetic acid coated beads on the glass surface [7]. In the case of 
the CFi derivative the orientation was not regular because of 
the spontaneous adhesion of the molecules on the glass sur- 
face. 

3.4. The characteristics of rotation of CFj-y 

As the ATPase activity of CFi(-S) was influenced by the 
pH of the reaction medium (see above), we tried to observe 
differences in the rotational speed under various pH condi- 
tions. However, we could not find significant differences under 
our experimental conditions (Fig. 3). One obvious difference 
to the previous findings on TFi -063 £37 [7—10] was a frequently 
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Fig. 3. Time course of the rotation of the y subunit. Images of the rotating actin filaments were recorded with the intensified CCD camera, 
and the motion of the centroids was analyzed. The increase of the accumulated revolutions represents the counter-clockwise rotation of the fila- 
ment. A-C: The rotation of the y subunit was recorded in the presence of 20 mM ATP, 5 mM MgCI 2 at pH 7.0. D and E: The rotation was 
recorded in the presence of 8 mM ATP, 2 mM MgCl 2 at pH 7.0. F: The rotation was recorded in the presence of 8 mM ATP, 2 mM MgCl 2 
at pH 8.0. The lengths of the observed filaments were 1.26 um (A), 1.55 pm (B), 1.55 um (C), 1.58 um (D), 1.92 um (E) and 1.46 um (G), re- 
spectively. The filament shown in (E) was propeller type, of which centroid is at the middle of the filament. The filament motion of (E) can be 
viewed as a time-lapse movie sequence at our web site (http://www. res. titech.ac.jp/seibutu/hisabori/index-e.htm). 
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Actin Length (Mm) 

Fig. 4. Rotational speed in revolutions per second versus the length 
of the actin filament. Filaments that rotated around one end for > 5 
revolutions without an unusual intermission in the presence of (•) 
20 mM ATP or (a) 8 mM ATP were used for the calculation of 
the rotational speed. Lines show the rotational speed under a con- 
stant torque of 40 pNnm (thick line), 20 pNnm (dotted line), 
10 pNnm (dashed line) and 5 pNnm (thin line), respectively. 

observed vigorous wobble movement of the filaments, which 
rotated one to two rounds in one and then in opposite direc- 
tion. Even filament moving in a continuous counter-clockwise 
rotation (Fig. 3A) suddenly started clockwise movement for a 
short period. It is not clear yet whether this 'unusual' move- 
ment reflects a specific attribute of CFi(— 8) compared with 
the subcomplex of TFi , or a kind of artifact derived from the 
different procedure to bind the actin filament on the y subunit. 
The different procedure to fix the enzyme molecule on the 
glass surface may also be the reason. 

The highest rotational speed of filaments observed in our 
experiments was 3.3 rounds/s. As the three catalytic sites on 
the enzyme are involved in the ATP hydrolysis reaction, this 
rotational speed implies an ATP hydrolysis reaction with a 
turnover rate of 10 s -1 . This value is 5 to 50-fold higher 
than the rate obtained by the measurement of ATP hydrolysis 
activity. The discontinuous motion of the filaments shown in 
Fig. 3 may explain this apparent discrepancy. Furthermore 
inhomogeneity of the enzyme preparation, including active 
and inactive molecules, may also be a possible reason. 

By using the highest rotational speed of each of the fila- 
ments, we plotted the speed of rotation as a function of the 
lengths of the actin filaments to roughly estimate the torque 
(Fig. 4). As in the case of TF| [7,8] and EFi [9,10], longer 
actin filaments rotated more slowly than shorter ones. The 
torque values obtained from the experimental data were with- 
in the range of 20-40 pNnrn and thus are consistent with the 
results of previous reports [7-10]. 

Hence we could observe that the y subunit of CF\ can 
rotate in a similar manner as y in TFi and EFi when hydro- 
lyzing ATP. The rotation of the CFi -y was already suggested 



on the basis of fluorescence anisotropy measurements by Sab- 
bert et al. [6]. Our report is, to our knowledge, the first direct 
observation of y rotation in an Fi from a eukaryotic cell 
although plastids are supposed to be of bacterial origin. 
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It has been suggested that the last seven to nine amino 
acid residues at the C terminus of the y subunit of the 
ATP synthase act as a spindle for rotation of the y sub- 
unit with respect to the af} subunits during catalysis 
(Abrahams, J. P., Leslie, A. G. W., Lutter, R., and Walker, 
J. E. (1994) Nature 370, 621-628). To test this hypothesis 
we selectively deleted C-terminal residues from the 
chloroplast y subunit, two at a time starting at the sixth 
residue from the end and finishing at the 20th residue 
from the end. The mutant y genes were overexpressed in 
Escherichia coli and assembled with a native a 3 j3 3 com- 
plex. All the mutant forms of y assembled as effectively 
as the wild-type y. Deletion of the terminal 6 residues of 
y resulted in a significant increase (>50%) in the Ca-de- 
pendent ATPase activity when compared with the wild- 
type assembly. The increased activity persisted even 
after deletion of the C-terminal 14 residues, well beyond 
the seven residues proposed to form the spindle. Fur- 
ther deletions resulted in a decreased activity to ~19% 
of that of the wild-type enzyme after deleting all 20 
C-terminal residues. The results indicate that the tip of 
the yC terminus is not essential for catalysis and raise 
questions about the role of the C terminus as a spindle 
for rotation. 



The ATP synthase enzymes of the inner membranes of mi- 
tochondria, chloroplasts and of the bacterial cytoplasmic mem- 
brane, couple the energy of a transmembrane electrochemical 
proton gradient to the synthesis of ATP from ADP and inor- 
ganic phosphate. The general structural features of the enzyme 
are highly conserved from one organism to another. It is com- 
prised of an integral membrane-spanning H + -translocating 
segment (F 0 or factor 0) and a peripheral membrane segment 
(F x or factor 1) which contains the catalytic sites for ATP 
synthesis and hydrolysis. The F 1 segment is comprised of five 
different polypeptide subunits designated a to e in order of 
decreasing molecular weight. The subunit stoichiometry is 
a 3037A and € x . Nucleotide binding is associated with the a 
and /3 subunits, whereas the y and e subunits play regulatory 
and/or structural roles. The 6 subunit is likely to be involved in 
binding the F 1 segment to the F 0 segment (reviewed in Ref. 1). 

A high resolution crystal structure of the core catalytic por- 
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tion of the mitochondrial Fj enzyme was reported recently (2). 
The a and )3 subunits alternate with each other to form a 
hexameric ring with one nucleotide binding site located at each 
of the six a/3 subunit interfaces. Part of the structure of the 7 
subunit was also solved, including well conserved regions of the 
N and C termini. The C terminus, from residues 209 to 272 
forms a single a helix that stretches from below the base to the 
top of the a/3 hexamer (see Fig. 5). The last nine residues of this 
remarkably long helix are predominantly hydrophobic in na- 
ture and pass through a greasy sleeve formed by a ring of 
hydrophobic residues provided by interacting N-terminal j3 
barrel domains of all six of the a and 0 subunits. On the basis 
of this unusual asymmetric structure, it was suggested that the 
C-terminal helix of the 7 subun it forms a spin dle around which 
the a/3 hexamer rotates, rotation being facilitated by the hy- 
drophobic (greasy) nature of the amino acids involved. That is, 
the a/3 subunits provide a bearing through which the tip of the 
7 subunit passes and within which the 7 subunit rotates. Al- 
though the amino acid sequences of 7 subunits from different 
organisms show little overall homology, segments near the N 
and C termini are quite well conserved suggesting that they 
may be involved in forming important contacts with other F 1 
subunits (3, 4). 

The crystal structure of F 1 indicated that the three a/3 pairs 
of the a/3 hexamer also make direct contact with other regions 
of the 7 subunit to induce different conformational states of the 
nucleotide binding sites at the a//3 subunit interfaces. During 
rotation, each nucleotide binding site would sequentially alter- 
nate between three different conformational states, each state 
dictated by a different type of interaction with the 7 subunit. 
Such rotation has been predicted from kinetic studies (5, 6), has 
been supported by several recent experiments (7-9), and is now 
widely considered to be a general mechanistic feature of all of 
the F l enzymes (reviewed in Ref. 10). 

In this study we have tested the "bearing" hypothesis specif- 
ically suggested by the crystal structure, by selectively deleting 
amino acid residues from the extreme C-terminal end of the 7 
subunit, which, in the mitochondrial enzyme, extends through 
the greasy sleeve of the a/3 hexamer. To do this we utilized an 
efficient reconstitution system reported earlier (11) in which 
the native 7 subunit isolated from CFj 1 was reconstituted with 
an isolated a/3 subunit complex. The cloned 7 subunit could 
effectively replace the native 7 subunit in reconstitution of the 
core enzyme complex. 2 Eight genetically engineered 7 subunits, 
lacking between 6 and 20 of the C-terminal amino acids, were 
tested for assembly with the a/3 subunits, and the catalytic 
activities of the assembled complexes were examined. The re- 



1 The abbreviations used are: CF lt chloroplast coupling factor 1; 
CF^-Sc), CF X deficient in the S and c subunits; PCR, polymerase chain 
reation; Tricine, A r -l2-hydroxy-l,l-bis(hydroxymethyl)ethyll glycine; 
WT, wild type. 

2 M. Sokolov, L. Lu, W. Tucker, F. Gao, P. A Gegenheimer, and M. L. 
Richter, manuscript in preparation. 
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suits demonstrate that the tip of the C terminus of the 7 
subunit, from residues 304 to 323 (chloroplast numbering), is 
not essential for rapid turnover by CF V 

EXPERIMENTAL PROCEDURES 

Materials — CFj and CF A lacking the 8 and € sub units, CF^-Se), were 
prepared from fresh market spinach as described previously (12) and 
stored as ammonium sulfate precipitates. Prior to use the proteins were 
desalted on Sephadex G-50 centrifuge columns (13). The isolated e 
subunit (14) was stored in the isolation buffer at 4 °C. An af$ complex 
and the y subunit were isolated from CF^-fe) as described previously 
(11). The a/3 subunit complex was recycled through the isolation proce- 
dure to ensure that trace amounts of contaminating y subunit were 
removed. 

ATP (grade I and II) and antibiotics (am pic ill in, chloramphenicol, 
and ten toxin) were purchased from Sigma. Stock solutions of ten toxin 
were prepared by dissolving the inhibitor in ethanol to a final concen- 
tration of 5 mil and stored at -70 °C. Pfu DNA polymerase and its 
reaction buffer were purchased from Strategene. T4 DNA ligase and its 
reaction buffer were obtained from Pro mega. DNase I was from Roche 
Molecular Biochemicals. Tryptone and yeast extract were obtained from 
Difco. Urea (ultra pure) was purchased from Fluka and hydroxylapatite 
from Bio-Rad. All other chemicals were of the highest quality reagent 
grade available. 

Plasmid Construction — Most of the recombinant DNA methods used 
in this study have been described elsewhere (15, 16). Escherichia coli 
trans formation protocols were as described by Hanahan (17). Plasmid 
pSGlOl (4), generously supplied by Dr. M. Futai, contains the full- 
length cDNA for the spinach (Spinacia oleracea) chloroplast atpC gene 
encoding the ATP synthase y subunit. A 1.1-kilobase pair Bsal-BamHI 
fragment of pSGlOl was aubcloned into the Ncol and BamHl cleaved 
expression vector pET8c (18) via an Ncol -B sal adaptor. 2 The resulting 
plasmid pET8cgam bbl was transformed into the expression host E. coli 
BL21(DE3)/pLysS (19). Plasmid DNA for sequencing was prepared by 
alkaline-SDS lysis and polyethylene glycol precipitation (20). 

Generation of atpC Gene Mutants — Eight deletion mutants of 7 were 
generated by "inverse" PCR with a forward primer that was comple- 
mentary to the termination codon of the atpC gene and the downstream 
sequence of the pET8cgam bbl plasmid. The reverse primer was com- 
plementary to the required C-terminal amino acid and its adjacent 
upstream sequence. PCR primers were 24—31 base pairs long and were 
5'-phosphorylated. Oligonucleotides were synthesized by Macromolec- 
ular Resources, Colorado State University. Plasmid DNA for PCR was 
prepared by ethanol precipitation after phenol :chloroform extraction 
(17). PCR was carried out in 50 ul of cloned Pfu DNA polymerase 
reaction buffer, which also contained 60 ng of the pET8cgambbl plas- 
mid, 4 mM total MgS0 4 , 22 pmol of each primer, 0.4 mM dNTPs, and 2.5 
units of cloned Pfu DNA porymerase. The components were mixed on ice 
and placed in a GenAmp PCR System 2400 (Per kin-Elmer) prew armed 
to 94 °C. Cycling parameters were: 94 °C for 1 min, 56 °C for 1 min, 
72 °C for 12 min, for 20 cycles. The PCR product was purified by agarose 
gel electrophoresis followed by electroelution into an ISCO micro- trap. 
The eluted DNA was precipitated with ethanol and circularized (14). 
For this 100-200 ng of the DNA was incubated with 3 units of T4 DNA 
ligase in the T4 DNA ligase buffer overnight at room temperature 
(—22 3 C). The resulting plasmid was transformed into E. coli XLl-Blue 
cells for amplification. The amplified plasmid was isolated using boiling 
lysis followed by isopropanol and ethanol precipitation and transformed 
into the expression host£. coli BL21(DE3)/pLysS (19). 

Each mutant gene was isolated from the expression clone by alka- 
line-SDS lysis followed by ethanol precipitation after phenolxhloroform 
extraction (20) and sequenced by an automated fluorescence dideoxy 
technique (21). 

Solubilization and Folding of Overexpressed y Mutants — E. coli cells 
containing the atpC gene were grown at 37 °C in LB medium containing 
L-ampicillin (100 mg/ml) and chloramphenicol (34 mg/ml). In mid-expo- 
nential phase growth, cells were induced with 0.1 mM isopropyl-0-D- 
thiogalactopyranoside for up to 5 h. Cells were harvested by centrifu- 
gation at 4000 X g for 10 min, washed once with TE50/2 buffer (50 mM 
Tris-HCl, 2 mM EDTA, pH 8.0), and resuspended in a small volume 
(10-15 ml) of TE50/2. Cells were lysed by one to three cycles of freezing 
(at -70 fl C or in a dry ice/ethanol bath) and thawing (15). 10 mM MgCl^ 
and 10 mg of DNase I were added to the lysed cells, which were 
incubated on ice for 20 min. DNA was then sheared by sonication with 
a Branson 250 sonifier for 2 x 15 s at an output of 4 and a duty cycle of 
10. After the sonication cells were kept on ice for additional 20 min. 
Inclusion bodies, together with some cell debris, were eedimented at 



4000 X g for 10 min. The pellet, containing mostly insoluble 7 polypep- 
tide, was washed three times with 26 ml of TE 50/2 before solubilization. 

The insoluble 7 polypeptide was dissolved in a solution containing 4 
M urea, 50 mM NaHC0 3 -NaOH, pH 9.5, 1 mM EDTA, 5 mM dithiothre- 
itol, 20% (vAO glycerol, and slowly dialyzed for 24 h against a solution 
containing 0.3 M LiCl, 50 mM NaHCO a -NaOH, pH 9.5, 1 mM EDTA. 5 
mM dithiothreitol, 20% (v/v) glycerol. The final concentration of protein 
was approximately 1 mgfaiL The protein was stored at -70 °C. 

Assembly of y Mutants — The purified a/3 mixture was diluted to 
about 100 fig/ml with a solution containing 20% glycerol, 50 mM Hepes- 
NaOH, pH 7.0, 2 mM MgClj, 2 mM ATP, and 2 mM dithiothreitol and 
kept on ice. The y subunit preparation was added dropwise to the rr/3 
mixture to give a final molar ratio of 3y:la/J. The mixtiire was gently 
mixed and left to sit at room temperature (—22 °C) for 2 h. Unreconsti- 
tuted a 11b units were separated from the reconstituted af$y by anion 
exchange chromatography as described previously (11). 

Other Procedures — ATPase activities were determined by measuring 
phosphate release (22) for 5 min at 37 °C. The assay was carried out in 
0.5-ml volumes of assay mixture containing 50 mM Tricine-NaOH, pH 
8.0, and 5 mM ATP. The calcium-dependent ATPase activity was as- 
sayed in the presence of 6 mM CaCi 2 . Magnesium-dependent ATPase 
was carried out in the presence of 2.5 mM MgCl^ and 25 mM Na 2 S0 3 , 
and manganese-dependent ATPase activity was carried out in the pres- 
ence of 2.6 mM MnCl 2 and 100 mM Na^C^. The reaction was started by 
addition of 1-6 /ig of enzyme into the assay mixture and terminated by 
addition of 0.5 ml of cold trichloroacetic acid. Protein concentrations 
were determined by the Bradford method (23). Absorbance measure- 
ments were obtained using a Beckman DU-70 spectrophotometer. Gel 
electrophoresis was performed on NO VEX Pre-Cast 10-20% gradient 
gels. 

RESULTS 

Overexpression of the Spinach atpC Gene in E. coli — The 
atpC gene encoding the full-length 7 subunit of the spinach 
chloroplast ATP synthase was inserted into the pETSc expres- 
sion vector and overexpressed at high levels (>100 mg/liter of 
cells at the end of log-phase growth). The overexpressed protein 
was solubilized from insoluble inclusion bodies into 4 m urea 
and recovered by slow dialysis. The cloned protein was identi- 
cal to the native protein (11) in its ability to reconstitute with 
native a/3 subunits to form a fully active core enzyme complex. 2 
Eight deletion mutants of the atpC gene were prepared and 
transformed into the overexpression host and the deletions 
verified by sequencing each entire gene. The truncated 
polypeptides were designated 7^ to y^o* according to the 
number of amino acid residues missing from the C terminus. 
Amino acid sequences of the C-terminal fragment of the full- 
length 7 subunit and the eight deletion mutants are shown in 
Fig. 1. Also shown in Fig. 1 is the corresponding sequence at the 
C terminus of the bovine mitochondrial F x 7 subunit. The 
sequence underlined corresponds to that part of the 7 subunit 
that is in the immediate vicinity of the hydrophobic sleeve, the 
last seven residues (267-273) actually passing through the 
sleeve (2). Deletion of all ten C-terminal residues would argu- 
ably be sufficient to test the bearing hypothesis. The C-termi- 
nal segment of 7 shown in Fig. 1 is one of the most highly 
conserved regions among 7 subunits from different species. 
This is evident from the more than 50% direct sequence iden- 
tity between the bovine mitochondrial and chloroplast subunits 
(Fig. 1). 

Assembly of the 7 Mutants — Each of the 7 constructs was 
tested for its ability to organize the ap subunits into a stable 
apy core enzyme complex. For this, folded 7 polypeptide was 
incubated with the isolated afi complex, and the resulting afly 
assembly was purified by DEAE -cellulose column chromatog- 
raphy as described earlier for purifying afiy assembled using 
the native F 1 subunits (11). Incubation of each of the 7 con- 
structs with the ap subunits resulted in formation of an apy 
complex, which is eluted from DEAE-cellulose at the same salt 
concentration as the native complex and which is significantly 
higher than that required to elute unassembled subunits (11). 
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Fig. 1. Amino acid sequences of the C-terminal fragments of 
the y sub units of the ATP synthases from bovine heart mito- 
chondria (MFj-y; Ref. 14), wild-type spinach chloroplast (CF 1 - 
Ywt)i ana C terminus deletion mutants of spinach chloroplast y 
subunit beginning with deletion of 6 residues from the C termi- 
nus (y D& ) continuing with successive deletion of 2 residues up to 
20 residues (y oao ). 




Fig. 2. Gel electrophoresis profile of the reconstituted, puri- 
fied or/3y assemblies and isolated CF l (-Se). Wild-type and mutant 
y subunits were reconstituted with the native a£ subunits and the 
protein assemblies purified by ion exchange chromatography as de- 
scribed previously (9). Electrophoresis was performed on a 10-20% 
Tris-glycine gel, and proteins were stained with Coomassie Brilliant 
Blue R. Each lane contained 4 ug of protein. A, isolated CF, lacking the 
two small subunits, 5 and c (CF a (-5e)); WT, D12 and D20, the a/3y 
assemblies containing the wild-type y, yD 12 , and y D20 mutants, 
respectively. 



The polypeptide profiles of all of the assemblies were very 
similar to each other as indicated for the or/3y D12 and a07D2o 
assemblies, which are compared with the a/3ywT assembly in 
Fig. 2. This suggests that all of the y mutants were capable of 
assembling with the a)3 subunits. 

The results shown in Table I compare the ATPase activities 
of protein assemblies reconstituted with the first two mutants, 
y D6 and y^ with the wild-type y. Remarkably, both mutant 
assemblies were significantly more active than the wild-type 
assembly in calcium-dependent ATP hydrolysis. The magne- 
sium-dependent activities of the two mutants, however, were 
significantly reduced. The apparent K m and for Ca-ATP 
hydrolysis of the y D6 mutant were measured and compared 
with the wild-type assembly (Table I). Only the K cst exhibited 
a measurable change in the mutant. 

Fig. 3 compares the relative rates of ATP hydrolysis of the 
remaining mutants, yn 1Q through y^o? i* 1 the presence of ei- 
ther Ca 2+ , Mg 2+ , or Mn 2+ as the divalent cation substrate. The 
7dio» 7di2> an( * Yd M mutant assemblies all showed similar 
responses to those of the yog and y^ mutant assemblies in that 
their Ca-ATPase activities were significantly higher than that 
of the wild-type enzyme. The maximum activity was obtained 
with the y D14 mutant, which had a specific activity of 55 
p-mol'min '^mg" 1 t which is the highest rate of Ca-ATP hydrol- 
ysis that we have ever observed with the chloroplast enzyme. 
However, deletion of 16 residues from the yC terminus resulted 
in a sharp decrease in Ca-ATPase activity, which continued 
upon deletion of additional residues ending with an activity 
that was —19% of the wild-type control at y D20 . In contrast to 
the Ca-ATPase activity, the Mg-ATPase and Mn-ATPase activ- 
ities declined continuously with each additional pair of resi- 
dues deleted. Nevertheless, even after deleting 20 residues 
from the C terminus, the enzyme exhibited significant rates of 
catalysis: 17% of the wild- type Mg-ATPase activity and 20% of 
the wild-type Mn-ATPase activity. 

Activation of the latent Mg-ATPase and Mn-ATPase activi- 
ties of CF 1 normally requires, in addition to removing the 
inhibitory € subunit (14), the presence of oxy anions such as 
ethanol, carbonate, or sulfite, which overcome a strong inhibi- 
tion caused by free metal ions binding to and stabilizing bound 
ADP at the catalytic site(s) (24). The degree of stimulation by 
oxyanions usually varies between 10- and 100-fold depending 



on the divalent cation and the oxyanion concentrations. The 
Ca-ATPase activity, however, is already high once e is removed 
and is slightly inhibited by oxyanions (25). So the magnesium - 
and manganese-dependent ATPase activities listed in Table I 
and shown in Fig. 3 were measured in the presence of high 
concentrations (25 mM) of sulfite ions. It was of interest to 
examine the affects of the y deletions on the Mg-ATPase activ- 
ities in the absence of the stimulatory oxyanions. The results of 
this study are shown hi Table II. The Mg-ATPase activity in the 
absence of sulfite was, like the Ca-ATPase activity, stimulated 
by deletion of residues from the yC terminus and was highest 
in the y D14 mutant. The activity of this mutant was almost 
4-fold that of the wild-type enzyme, and in parallel to the 
Ca-ATPase activity, it decreased markedly upon deletion of 16 
or more residues. The y^o mutant still retained a readily 
measurable activity, which was —45% of that of the wild-type 
enzyme (Table II). 

Sensitivity of the Mutant Assemblies to Inhibitors — The re- 
sponses of the different assemblies to the inhibitory e subunit 
and to the fungal inhibitor tentoxin were examined, in part to 
evaluate the effect of the deletions on the ability of the two 
inhibitors to block activity and in part to verify that the ob- 
served activities are representative of the normal activity of 
CF X , which responds to these inhibitors with absolute specific- 
ity. The inhibitory responses of the Ca-ATPase activities of the 
different constructs to a fixed concentration (10-fold molar ex- 
cess) of added e subunit are summarized in Table HI. All of the 
enzyme assemblies, including the enzyme assembled with the 
yoao mutant, were strongly inhibited by e, although there was 
a significant variation (between 64 and 83%) in the extent of 
inhibition observed, and all were less inhibited than the wild- 
type assembly (91%). The y D14 mutant, which exhibited the 
highest activity, was the least inhibited in the presence of a 
10-fold molar excess of e. However, in the presence of a 30-fold 
molar excess of the e subunit, the y D14 mutant was inhibited by 
the same extent as the wild-type enzyme (results not shown), 
indicating that the deletion had reduced the apparent affinity 
of the enzyme for e but not the maximal extent of inhibition. 

The results of titrating the aj3y assemblies with tentoxin are 
shown in Fig. 4. All of the assemblies, with the exception of the 
7d2o mutant, were sensitive to inhibition by tentoxin. There 
were, however, significant differences among the mutant en- 
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Table I 

ATPase activities of wild-type and mutant assemblies 



Protein assembly 0 




Ca-ATPase 






Mg-ATPase 




Units * rag -1 


% 




K m (app) 


Units * nig" 1 


% 








s-' 


ma 








24.1 ± 2.0 


100 


149 


1.2 


42.8 ± 6,9 


100 




35.3 ± 7.6 


147 


218 


1.2 


29.6 ± 8.3 


70 


«0?D8 


42.7 ± 8.4 


177 


ND 6 


ND 


27.3 ± 5.0 


64 



" a/3y assemblies were purified by anion exchange chromatography (11) prior to assay. ATPase values listed are the averages and standard 
deviations for three separate determinations. 
b ND, not determined. 



Table II 

Stimulation by sodium sulfite of the ATPase activities of the apy 
assemblies 



Protein preparation* 1 



Mg-ATPase activity* 



No additions 



+25 in« Na^SO;, 







units • mg 1 




2.2 


47.2 


a)3y D10 


5.8 


34.6 




5.6 


21.2 




8.5 


14.8 




4.7 


9.4 




1.7 


6.2 




1.0 


8.6 



° Complexes were reconstituted and purified by anion exchange chro- 
matography according to Ref. 11. The values listed are averages of three 
independent measurements. 

6 Mg-ATPase activity was determined in an assay mixture containing 
50 «im Tricine-NaOH, pH 8.0, 5 mat ATP, 2.5 inM MgCl 2f 5 fig of enzyme, 
and sodium sulfite as indicated. 



1: 




DIO mi D14 Di* DIH D20 



Fig. 3. Relative ATPase activity of the reconstituted, purified 
ctfiy constructs. All of the assays were carried out as described under 
Experimental Procedures." The columns represent the relative ATPase 
activities of the different afiy assemblies in the presence of calcium 
chloride: white, magnesium chloride; gray, manganese chloride; black, 
D10 to D20 are designations for apy mo to (tpy^ assemblies. Activities 
of the ixPtwt Q00% controls) were: Ca-ATPase, 35.5 ± 1.1; Mg-ATPase, 
47.5 ± 1.5; and Mn-ATPase, 67.9 ± 5.4 /imol-min" l -mg"'. Values shown 
are the averages and S.D. for five separate determinations. 

zymes in the concentrations of tentoxin required to reach max- 
imum inhibition. The most obvious differences were with the 
longer deletions. For example, a greater than 20-fold higher 
concentration was required for 90% inhibition of the activities 
of the Yuig and y^g mutants than that required to inhibit the 
jwr to the same extent. 

DISCUSSION 

A cross-sectional view through the structure of the heef heart 
mitochondrial Fi is shown in Fig. 5. The tip of the C terminus 
of the y subunit, more specifically the last 7-10 residues, is 
surrounded by a sleeve of residues formed by part of the tightly 
packed 0 barrel domains of the six a and p subunits. The sleeve 



Table III 

Inliibition by the e. subunit of the activity of the apy assemblies 



Protein preparation* 



Ca-ATPase activity 



No additions 



+ c subunit 







units • mg 1 




20.6 


1.9 (9%) 




34.3 


10.1 (29%) 




39.2 


14.0 (36%) 




31.0 


9.6 (31%) 




20.6 


4.6 (22%) 


"0y mo 


4.8 


0.8(17%) 



"Assemblies were incubated with a 10-fold molar excess of the € 
subunit or an identical volume of the buffer (control) used to isolate the 
e subunit (7 ). Samples were incubated for 8 min at room temperature 
and 2 min at 37 °C immediately prior to assay. Other conditions are the 
same as described in Table I. 



100 



& 

< 
3 
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J 000 
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Fig. 4. The effect of tentoxin on the Ca-ATPase activities of the 
reconstituted, purified afly assemblies. Ca-ATPase activity was 
measured as described under "Experimental Procedures." Each assem- 
bly was incubated with tentoxin to give the indicated tentoxin/enzyme 
ratios in the ATPase assay medium for 10 min at room temperature 
(-22 °C) then 2 min at 37 *C. The reactions were started by addition of 
5 mM CaCl 2 . The ATPase activities in the absence of tentoxin were: 
apYwT. 16 9 ^mol-min^-nig"" 1 <■); ct/3y n j 0 , 35.1 pjnol-min _1 *mg~ l (•); 
<*0Ydi2> 259 Mmol*nun" l *mg _1 (□); a0y D14r 33.9 /xmol-niin^mg -1 (▲); 
a0Yme» 24.9 M*nol*min~ 1 *mg~ 1 O; oc^y mA , 15.0 jrmormur'-mg" 1 (O); 
a Pyv2o> 31 pLmol'min~ 1 *mg" 1 (A). 



residues, located in the region marked A on the /3 subunit in 
Fig. 5, have an overall hydrophobic character as do the nearby 
residues on the y subunit. A hydrophobic contact between y and 
the surrounding sleeve could allow the y subunit to act as a 
spindle around which the a/3 hexamer could rotate with mini- 
mum frictional resistance (2). The base of the C-terminal helix 
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yC^ terminus 




Fig. 5. Cross-section through part of the beef heart mitochon- 
drial F 1 structure indicating sites of interaction between the a, 
/3, and y sub units. The 7 subunit contacts a hydrophobic sleeve formed 
by the structures marked A on all six of the a and J3 aubunits. A second 
site of contact involves a salt Link between the 7 subunit and the 
structure marked B on an adjacent {} subunit (2). 

of 7 is offset from the central axis of the hexamer by ~7 A, so 
that, provided it remained rigid, it would sequentially and 
reversibly come into contact with regions of the ct and 0 sub- 
units during rotation to create the required asymmetry among 
the nucleotide binding sites. 

The remarkably high amino acid sequence conservation 
among the a and /3 subunits of F x enzymes from different 
species, together with the fact that the structures of the a and 
|3 subunits of a thermophilic bacterium can be essentially su- 
perimposed upon those of the mitochondrial ¥ x subunits (26), 
are cogent reasons for assuming that all of the ¥ x enzymes have 
a very similar overall structure and utilize the same basic 
mechanism for ATP synthesis. There is, however, some evi- 
dence suggesting that there may be some minor structural 
differences among the F x enzymes. For example, site mapping 
studies of the chloroplast F r using fluorescence resonance en- 
ergy transfer (27) as well as chemical cross-linking experi- 
ments (28) have indicated that cysteine 322, which is the sec- 
ond last amino acid residue at the C terminus of the CF 1 y 
subunit, is located near the base of the afi hexamer, more than 
60 A away from its position in the mitochondrial Fj. The reason 
for this difference is not understood at this time but is partic- 
ularly intriguing given the significant amino acid sequence 
homology which is apparent in the C-terminal domains of y 
subunits from different organisms (Ref. 4; also see Fig. 1). 
Moreover, a different location for the yC terminus implies that 
the idea that the C-terminal helix of 7 acts as a spindle for 
rotation is probably not correct, at least not as originally envi- 
sioned based on the mitochondrial F x structure (2). 

We have selectively deleted part of yC terminus reasoning 
that if this region of y was indeed acting as the tip of a spindle 
for rotation, or if it was in any way critical for catalysis by CF lf 
the deletion should result in a complete loss of catalytic activ- 
ity. However, the enzyme containing mutant y subunits miss- 
ing up to 20 amino acids from the C terminus was still capable 
of significant catalytic activity, which, with the exception of the 
D20 mutant, was sensitive to specific allosteric inhibitors of 
CFj; a strong indication that the mutant enzymes followed the 
usual cooperative catalytic pathway and that their activities 
were not artifactual. It is noteworthy that a similar result was 
obtained for E. coli F x (29). In that case, membranes containing 



the mutant enzyme retained a limited catalytic activity (—10% 
of both ATP hydrolysis and synthesis) following deletion of 10 
residues from the C terminus. Deletion more than 10 residues 
from the C terminus resulted in a complete loss of activity in 
that case, although the enzyme still apparently correctly as- 
sembled on the membrane. The greater sensitivity of the E. coli 
enzyme to deletion of the C terminus may reflect a different 
structural requirement for catalysis by the F 0 -B\ complex than 
for the isolated F x . The activity of the E. coli Fj mutants 
following isolation from the membrane was not investigated in 
that study. 

The initial activation of enzyme turnover upon deletion of up 
to 14 residues from the C terminus of 7 occurred for both the 
calcium- and the magnesium-dependent ATPase activities. 
One likely explanation for this effect is that the deletions 
resulted in a partial loosening of the structure of the enzyme to 
a point where it weakened binding of the cation-ADP reaction 
product at the catalytic site(s) in the interfacial region between 
a and j3 subunits. Since the off-rate of the cation-ADP limits the 
overall reaction rate, the end result is to increase the K cttt of the 
enzyme. This would also explain why the sulfite-stimulated 
activity is inhibited rather than stimulated by the deletions. 
Assuming that the presence of high concentrations of sulfite 
maximally reduce the off-rate of cation-ADP so that the on-rate 
of the cation-ATP now becomes rate- limiting, a further reduc- 
tion in nucleotide affinity at the catalytic site caused by the 7 
deletions would result in a reduction in the on-rate for the 
cation-ATP substrate and thus a reduction in the K^. This 
could also explain the reduced apparent affinities for the e 
subunit and for tentoxin, which resulted from the C-terminal 
deletions. Both inhibitors are known to block cooperative re- 
lease of bound nucleotides, probably by stabilizing a rigid in- 
hibited conformation of CF X (1, 12). Thus a loosening of the F x 
structure might favor the activated conformation over the in- 
hibited conformation. The structural change resulting in 
altered inhibitor affinity does not necessarily have to be large, 
since small perturbations of 7 structure, such as reduction of 
the 7 disulfide bond or single-site cleavage of 7 by trypsin, are 
known to markedly decrease the affinity of CF 1 for the e 
subunit (30). 

The chloroplast 7 subunit has a glycine residue at position 
310, 14 residues in from the C-terminal end (Fig. 1). Most 
secondary structural prediction algorithms predict a break in 
the C-terminal helix of 7 at Gly-310. If the CF X 7 were to turn 
back on itself at this point, the cysteine at position 322 would 
face toward the bottom part of CF X (i.e. toward the membrane 
in CF r F 0 ) and come close to the position of this residue deter- 
mined by fluorescence distance mapping (27). This would cre- 
ate a three-helix bundle in the central cavity of the enzyme 
rather than the two-helix bundle identified in the mitochon- 
drial enzyme (2). If this is the case, the important binding 
interactions between 7 and the af$ subunits identified in the 
mitochondrial enzyme, and which are likely to be primarily 
responsible for creating asymmetry among the different cata- 
lytic sites, might also be preserved in CF 1 . Deleting the 14 
C-terminal residues from CF X 7 would remove the third helix 
from the central bundle, possibly decreasing the number of 
contacts between 7 and the a/3 subunits. This could feasibly 
have the effect of loosening the structure, thereby weakening 
the nucleotide affinity. The sharp decrease in catalytic activity, 
which occurred upon deleting residues beyond the first 14, may 
have resulted from an interference with the important y-ap 
interactions. For example, the arginines at positions 254 and 
256 in MF r are surrounded by a ring of 9 charged residues 
located on six loop segments of the a and 0 subunits marked 
a E" on one of the 0 subunits in Fig. 5. In the MF a structure, 



C-terminal Deletion of the Chloroplast ATP Synthase y Subunit 



13829 



Arg-254 and Gln-255 form hydrogen bonds with adjacent resi- 
dues in the 0 subunit loop to form one of the few sites of direct 
contact between 7 and the a and 0 subunits (2). Assuming that 
CF] has the same arrangement in this region of 7, deleting 
residues in the near vicinity of the site of contact would be 
expected to significantly compromise catalytic function as was 
observed. 

Interestingly, an earlier study of the E. coli enzyme (31) 
showed that mutations near the C terminus of the 7 subunit 
were able to restore catalytic function to functionally impaired 
enzymes which contained mutations near the N terminus. The 
original interpretation of these results was that the two muta- 
tions are in close proximity to each other. If this is true it would 
place the C terminus of the E. coli 7 in a location very close to 
that of the chloroplast 7 as determined by the fluorescence 
mapping experiments, assuming of course that the position of 
the N terminus of the E. coli 7 is similar to that of the mito- 
chondrial enzyme. 

In conclusion, the results of this study have demonstrated 
that the extreme C-terminal 20 residues of the 7 subunit of CF L 
are not essential for normal cooperative catalytic turnover by 
the isolated enzyme. The results eliminate the possibility of a 
catalytic mechanism that is universal to all F x enzymes in 
which the tip of the C terminus of the 7 subunit must act as a 
spindle for rotational catalysis. The lack of functional impor- 
tance of this part of the 7 subunit for rapid turnover by CF X is 
consistent with earlier work indicating that the conformation 
of the C-terminal portion of the 7 subunit of the chloroplast 
ATP synthase may differ from that of the mitochondrial en- 
zyme. The results further suggest that the contacts between 
the ot, /3, and 7 subunits of the enzyme, which are essential for 
rotational catalysis must be provided by regions of the 7 sub- 
unit other than the extreme C terminus. 

REFERENCES 

1. Richter, M. U, and Mills, D. A. (1996) in Advances in Photosynthesis (Yocum, 
C., and Ort, D. eds) VoL IV. pp. 453-468, Elsevier Science Publishers B. V., 
Amsterdam 



2. Abrahams, J. P., Leslie, A. G. W., Lutter, R, and Walker, J. E. (1994) Nature 

370, 621-628 

3. Walker, J. E., Peamley, I. M, Gay, N. J., Gibson, B. W. f Northrop, F. D., 

Powell, S. J., Ruiiswick, M., Saraste, M., and Tybulewicz, V. L. T. (1985) J. 
Mol. Biol. 184, 677-701 

4. Miki, J., Maeda, M., Mukohata, Y., and Futai, M. (1988) FEES UtL 232, 

221-226 

5. Boyer, P. I). (1989)FASEfi J. 3, 2164-2178 

6. Boyer, P. D. (1993) Biochim, Biophys. Acta 1140, 215-250 

7. Duncan, T. M., Bulygin, V., Zhou, Y., Hutcheon, M. L„ and Cross, R L. (1995) 

Proc Nail. Acad. Sci. U. S. A. 92 t 10964-10968 

8. Sabert, D., Engelbrecht, S., and Junge, W. (1996) Nature 381, 623-625 

9. Noji, H., Yasuda, R, Yoshida, M., and Kinosita, K., Jr. (1997) Nature 386, 

299-302 

10. Boyer, P. D. (1997) Anna. Rev. Biochenu 66, 717-749 

11. Gao, P., Lipscomb, B., Wu, L, and Richter, M L. (1995) J. Biol. Chem. 270, 

9763-9769 

12. Hu, N., Mills, D. A., Huchzermeyer, B., & Richter, M. L. (1993) J. Biol. Chem. 

268, 8536-8540 

13. Penefeky, H. S. (1977) J. BioL Chem. 252, 2891-2899 

14. Richter, M. L., Patrie, W. J., and McCarty, R. E. (1984) J. Biol. Chem. 259, 

7371-7373 

15. Chen, Z., Wu, I., Richter, M. L. ( and Gegenheinier, P. A. (1992) FEBS Lett. 298, 

69-73 

16. Chen, Z. f Spies, A., Hein, R., Zhu, X., Thomas, B. C., Richter, M. L., and 

Gegenheimer, P. A. (1995) J. Biol. Chem. 270, 17124-17132 

17. Hanahan, D. (1985) in DNA Cloning, A Practical Approach (Glover, D. M., ed) 

pp. 109-135, Vol. I, IRL Press, Oxford 

18. Studier, F. W., Rosenberg, A. H., Dunn, J. J., and Dubendorf, J. W. (1990) 

Methods Enzymol. 185, 60-89 

19. Studier, F. W., and Moffatt, B. A. (1986) J. Mol. Biol. 189, 113-130 

20. Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989) Molecular Cloning: A 

Laboratory Manual, 2nd Ed., Cold Spring Harbor Laboratory, Cold Spring 
Harbor, NY 

21. Averboukh, L., Douglas, S. A., Zhao, S., We, K., Mahler, J., & Pardee, A. B. 

(1996) BioTechniques 20, 918-921 

22. Taussky, H. H., and Shorr, E. (1953),/. Biol. Chem. 202, 675-685 

23. Bradford, M. M. ( 1976) Anal. Biochem. 72, 248-254 

24. Guerrero, K J,, Xue, Z., and Boyer, P. D. (1990) J. Biol. Chem. 265, 

16280-16287 

25. Anthon, G, E., and Jagendorf, A. T. (1986) Biochim. Biophys. Acta 848, 92-98 

26. Kato, Y., Mateui, Tanaka, N^, Muneyuki, E., Hisabori, T., and Yoshida, M. 

(1997) /. Biol. Chem. 272, 24906-24912 

27. Richter, M. L., Snyder, B., McCarty, R. E., and Hammes, G. G. (1985) Bio- 

chemistry 24, 5755-5763 

28. Mornney, J. V., and McCarty, R. E. (1979) J. Biol. Chem. 254, 8951-8955 

29. Iwamoto, A., Miki, J., Maeda, M. t and Fulai, M. (1990) J. Biol. Chem. 265, 

5043-5048 

30. Soteropoulos, P., Suss, K.-H., and McCarty, R. E. (1992) J. Biol. Chem. 267, 

10348-10354 

31. Nakamoto, R K., Maeda, M., and Futai, M. (1993) J. BioL Chem. 268, 867-882 



Entrez PubMed 



Page 1 of 1 



Eur J Biochem. 1997 Oct 1;249(1): 134-41. Related Articles, Links 

Cross-linking of chloroplast FOFl-ATPase subunit epsilon to gamma without 
effect on activity. Epsilon and gamma are parts of the rotor. 

Schulenberg B, Wellmer F, Lill H, Junge W, Engelbrecht S. 

Biophysik, Fachbereich Biologie/Chemie, Universitat Osnabruck, Germany. 

Cys residues were directed into positions 17, 28, 41 and 85 of a Cys6— >Ser mutant of subunit 
epsilon of spinach chloroplast F0F1 ATP synthase. Wild-type and engineered epsilon were 
expressed in Escherichia coli, purified in the presence of urea, refolded and reassembled with 
spinach chloroplast Fl lacking the epsilon subunit [Fl (-epsilon)]. Cys-containing epsilon variants 
were modified with a sulfhydryl-reactive photolabile cross-linker. Photocross-linking of epsilon to 
Fl (-epsilon) yielded the same SDS gel pattern of cross-link products independent of the presence 
or absence of Mg2+ x ADP, phosphate and Mg2+ x ATP. Epsilon (wild type) [Ser6,Cys28] 
epsilon and [Ser6,Cys41]epsilon were cross-linked with subunit gamma. With chloroplast F0F1 
the same cross-link pattern was obtained, except for one extra cross-link, probably between 
[Ser6,Cys28]epsilon and FO subunit EI. [Ser6,Cysl7]epsilon and [Ser6,Cys85]epsilon did not 
produce cross-links. Cross-linking of epsilon, [Ser6,Cys28]epsilon, [Ser6,Cys41]epsilon to 
gamma in soluble chloroplast Fl impaired the ability of epsilon to inhibit Ca2+-ATPase activity. 
The Mg2+-ATPase activity of soluble Fl (measured in the presence of 30% MeOH) was not 
affected by cross-linking epsilon with gamma. Functional reconstitution of photophosphorylation 
in Fl -depleted thylakoids was observed with Fl in which gamma was cross-linked to 
[Ser6,Cys28]epsilon or [Ser6,Cys41]epsilon but not with wild-type epsilon. In view of the 
intersubunit rotation of gamma relative to (alphabeta)3, which is driven by ATP hydrolysis, 
gamma and epsilon would seem to act conceitedly as parts of the 'rotor' relative to the 
"stator' (alphabeta)3. 

PMID: 9363764 [PubMed - indexed for MEDLINE] 



http://www.ncbi.nlm.nih.gov/entrez/query. fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract. 



5/11/05 



The Journal of Experimental Biology 200, 217 224 (1997) 

Printed in Great Britain © The Company of Biologists Limited 1997 

JEB0617 



217 



COUPLING H + TRANSPORT AND ATP SYNTHESIS IN FiF 0 -ATP SYNTHASES: 
GLIMPSES OF INTERACTING PARTS IN A DYNAMIC MOLECULAR MACHINE 

ROBERT H. FTLLINGAME* 
Department of Biomolecular Chemistry, University of Wisconsin Medical School, Madison, WI 53706, USA 



Reversible, FiFo-type ATPases (also termed F-ATP 
synthases) catalyze (he synthesis of ATP during oxidative 
phosphorylation. In animal cells, the enzyme traverses the 
inner mitochondrial membrane and uses the energy of an 
H + electrochemical gradient, generated by electron 
transport, in coupling H + translocation to ATP formation. 
Closely related enzymes are found in the plasma membrane 
of bacteria such as Escherichia coli, where the enzymes 
function reversibly depending upon nutritional 
circumstance. The FiF 0 -type enzymes are more distantly 
related to a second family of H + -translocating ATPases, the 
vacuolar-type or V-ATPases. Recent structural 
information has provided important hints as to how these 
enzymes couple H* transport to the chemical work of AIT 
synthesis. The simplest FiF 0 -type enzymes, e.g. as in E. coli, 
are composed of eight types of sub units in an unusual 
stoichiometry of 0t3p375e (Fi) and a\bicn (F 0 ). Ft extends 
from the membrane, with the a and p sub units alternating 
around a central subunit 7. ATP synthesis occurs 
alternately in different (5 sub units, the cooperative tight 
binding of ADP+Pi at one catalytic site being coupled to 



ATP release at a second. The differences in binding 
affinities appear to be caused by rotation of the 7 subunit 
in the center of the CC3P3 hexamer. The 7 subunit traverses 
a 4.5 nm stalk connecting the catalytic subunits to the 
membrane-traversing F 0 sector. Subunit c is the H + - 
tra 11s locating subunit of F 0 . Protonation/deprotonation of 
Aspol in the center of the membrane is coupled to 
structural changes in an extramembranous loop of subunit 
c which interacts with both the 7 and e subunits. Subunits 
7 and 8 appear to move from one subunit c to another as 
ATP is synthesized. The torque of such movement is 
proposed to cause the rotation of 7 within the 013P3 complex. 
Four protons are translocated for each ATP synthesized. 
The movement of 7 and e therefore probably involves a unit 
of four c subunits. The organization of subunits in F 0 
remains a mystery; it will have to be understood if we are 
to understand the mechanism of torque generation. 

Key words: oxidative phosphorylation, proton translocation, F1F0- 
ATP synthase, molecular mechanism, subunit c, membrane and stalk 
sectors, interacting subunits. 



Introduction 

Reversible, H + -transporting FiF 0 -type ATPases (also termed 
F-ATP synthases) catalyze the synthesis of ATP during 
oxidative phosphorylation. In animal cells, the enzyme traverses 
the inner mitochondrial membrane, where it uses the energy of 
an H + electrochemical gradient (Ajuir) generated by an H + - 
pumping electron transport system. Closely related FiF 0 -ATP 
synthases are found in the thylakoid membrane of chloroplasts, 
where the enzyme functions in electron-transport -driven 
photophosphorylation, and in the plasma membrane of bacteria, 
such as Escherichia colL where the enzyme can function 
reversibly depending upon the nutritional circumstance. Under 
aerobic growth conditions, electron transport systems generate 
a ApH- across the bacterial plasma membrane by pumping of 
protons from the cytoplasm to the outside of the cell, and the H + 
gradient is then used to drive ATP synthesis. A plasma 
membrane Ap±r is also required in other cellular processes such 
as H^-coupied nutrient transport and flagellar rotation. Under 
anaerobic conditions, the required Apn+ is generated by the 
hydrolysis of glycolytically derived ATP by the FiF 0 -ATPase, 
protons being pumped from the cytoplasm to the outside of the 



cell. The mitochondrial, chloroplast and bacterial F1F0-ATP 
synthases are closely related in structure and mechanism, as 1 
shall review in greater detail below. The enzymes are regulated 
somewhat differently because of the diversity of physiological 
circumstances under which they function (Walker, 1994; Harris, 
1 995: Mills et ai 1 995). In this essay, I will focus on recent work 
that is beginning to provide structural insights into how the 
enzyme works in coupling H^-iransport to ATP synthesis. I will 
emphasize that the enzyme functions as a molecular machine in 
utilizing the energy of Apir to make ATP. If we are to 
understand the mechanism, we will need to define the 
movements of interacting parts. A few glimpses of die total 
picture may now be at hand. 

Composition and genera] structure of F1F0-ATP 
synthases 

F1F0-ATP synthases are composed of two structurally and 
functionally distinct sectors termed Fi and F 0 . The Fi portion 
of the enzyme extends from the surface of the membrane and 
in electron micrographs projects as a knob-like image. Fi is 
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easily removed from the membrane as a water-soluble complex 
which hydrolyzes ATP. Fi is connected to the membrane- 
traversing F 0 sector via a narrow stalk. On removal of Fi, the 
transmembrane F 0 sector mediates the passive transport of 
protons across the membrane. When the two sectors are 
properly associated, the complex reversibly couples ATP 
hydrolysis to H + transport. The simplest FiF 0 -type enzymes, 
e.g. as in E. coli, are composed of eight types of summits in an 
unusual stoichiometry of a3p3YO£ (Fi) and a\\nc\i (F 0 ). 

The atomic resolution structure of the 013 p3Y portion of beef 
heart mitochondrial Fi, recently published by Abrahams et al. 
(1994), confirms many features predicted from decades of study. 
A representation is given in Fig. 1 . The a and p summits, with 
approximate molecular masses of 55kDa each, alternate in an 
almost symmetrical hexameric arrangement around a central 
core. The catalytic ATP binding sites are known to lie within the 
P subunit at ap subunit interfaces. Extended a-helical segments 
of the partially resolved 30kDa y subunit extend through the 
center and protrude from the bottom of the 0:3 p3 hexamer as an 




Fig. 1. Cross-sectional view of Escherichia coli FiF 0 ATPase 
emphasizing the stalk subunits. The 6 subunit is not depicted in this 
representation. The three a and three p subunits alternate around a 
central core formed by the 7 subunit. The three extended a-helices of 
the 7 subunit resolved in the X-ray structure of Abrahams et al. (1994) 
are depicted. The C-terminal residue (yV286), at the end of the longest 
helix, is indicated; the position of the 'catch' formed between the empty 
P subunit and residues 268-269 in the 7 C-terminal helix is indicated by 
the filled square labeled YR268. The short helix with residue 7C87 
projects horizontally towards a P subunit at the back of the structure, 
where it forms a second 4 catch* with the p subunit binding the 
nonhydrolyzable ATP analog AMP-PNP. This 'catch*, including residue 
>C87, is adjacent to residue E3 81 in the DELSEED sequence of p, and 
eS108 is adjacent to aS41 1, when Mg 2+ AMP-PNP occupy catalytic 
sites; when Mg 2+ (ADP+Pj) occupy catalytic sites, eS108 lies close to 
the P subunit DELSEED sequence (Aggeler and Capaldi, 1996). The 
sites of Cys substitution used in cross-linking studies are indicated by 
small circles and by the wild-type residue and number, the numbers used 
correspond to residues in the E. coli enzyme. The subunit pairs formed 
by cross-linking of these Cys residues are discussed in the text. 



extended and gently curved coiled coil. The ot-helix at the C- 
terrninal end of the y subunit extends 9nm from the top of Fi to 
the surface of Fo, traversing the entire length of the 4.5 nm stalk 
(Abrahams et al 1993, 1994; Watts et al. 1995; S. D. Watts, C. 
Tang and R. A. Capaldi, in preparation). The £ subunit is also 
known to traverse the length of the stalk from the bottom of Fi 
to the surface of F 0 (Zhang and Fillingame, 19956). The 8 and 
b subunits are thought to be the other major components of the 
stalk in E. coli and chloroplasts. The components of the stalk in 
mitochondria are somewhat different (Collinson et al 1 994a s b; 
Belogrudov et al. 1995; reviewed in Fillingame, 1996). 

E. coli Fo is composed of three subunits in an experimentally 
determined stoichiometry of a 1 foci oh (Foster and Fillingame, 
1 982). The content of subunit c is sufficiently uncertain that we 
now favor a number of 1 2 for reasons that are discussed below. 
The organization of subunits in F 0 remains to be detennined, 
although recent electron microscopic imaging experiments 
suggest that subunits a and b may associate at the periphery of 
a complex of c subunits (Birkenhager et al 1995), as is 
suggested in the cartoon of Fig. 1 . This arrangement contrasts 
with previous suggestions that subunits a and b may be centrally 
located and rotate within a ring of c subunits (Hatch et al. 1 995). 
Some information is available on the folding of individual 
subunits (Fillingame, 1990). The 79-residue subunit c spans the 
membrane as a hairpin of two extended hydrophobic a-helices, 
with a more polar loop region which directly contacts subunits 
y and e at the bottom of the stalk (see Fig. 2). Asp61, centered 
in the second transmembrane helix of subunit c, is known to be 
the site of H + binding, as will be discussed below. The 1 56- 
residue subunit b is anchored to the membrane by a single 
hydrophobic a-helix with the charged, protease-sensitive bulk 
of the protein extending from the membrane to form part of the 
stalk interacting with Fi. Proteolytic cleavage of the exposed 
region of subunit b abolishes Fi binding. The 271 -residue 
subunit a is generally hydrophobic and is predicted to fold 
through the membrane with five or six transmembrane helices. 
A compelling, experimentally based model for the folding of 
subunit a in the membrane is still lacking. The composition of 
the chloroplast enzyme is easily related to that of E. coli with 
apparent substitution of b and b' subunits for the bi dimer of E. 
coli. The bovine heart mitochondrial F 0 is considerably more 
complex, with at least nine polypeptides present (Collinson et 
al. 1 994a). Homologs of the E. coli a and c subunits are clearly 
present in bovine F Q ; the relationship of the other bovine F 0 
subunits with E. coli subunit b is less clear (Fillingame, 1996). 

Relationship b etween F-ATP synthases and V-ATPases 

The FiFo-type ATP synthases are distantly related to a second 
family of H + -translocating ATPases, termed V (for vacuolar- 
type) or ViV 0 -ATPases (Harvey and Nelson, 1992). These 
enzymes are found in a variety of intracellular vesicles including 
plant and fungal vacuoles, clathrin-coated vesicles, secretory 
vesicles, Golgi bodies and lysosomes. The vesicles share the 
common feature of having an interior whose acidity is controlled 
by the H + -pumping ATPase. V-ATPases are also widely 
distributed in the plasma membrane of cells specialized in H + 
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secretion, such as osteoclasts, where the enzyme plays a role in 
bone resorption (Chatterjee et al 1992; Mattsson et al 1994), 
and in kidney intercalated cells, where it functions in urinary 
acidification (Gluck and Nelson, 1992; Gluck et al 1992). The 
diversity of distribution is exemplified by the tobacco hornworm 
midgut plasma membrane H + -ATPase, which energizes 
membrane potential formation via K + /H + antiport (Wieczorek et 
al 1991; see also Merzendorfer et al 1997), and the distribution 
in cells specialized in alkalization (Harvey, 1992). ViV 0 - 
ATPases are composed of three types of subunits that bear 
obvious sequence similarity with the a, p and c subunits of FiF 0 
and 5-6 other types of subunits bearing no obvious relationship. 
The stoichiometric ratio of subunits also appears to be similar, 
i.e. At>B!...C6 (Forgac, 1992). The vacuolar subunit c is predicted 
to fold through the membrane with four transmembrane helices, 
with the first and second halves of the molecule bearing some 
sequence relationship to each other. The V-type gene is thought 
to have arisen by duplication and fusion of a primitive, bacterial- 
like ancestral gene (Nelson, 1992; Kibak et al 1992). The c 
subunits of Fo and V 0 could be organized similarly if there are 
12 c subunits per bacterial F 0 and 6 vacuolar-type c subunits per 
V 0 . Each unit would then be composed of 24 transmembrane 
helices. Closely related ATPases are also found in the 
archeabacterial kingdom. In at least some cases, the A and B 
subunits most closely resemble the V-type enzyme, whereas the 
c subunit resembles the F-type subunit, folding with two 
transmembrane helices (Denda et al 1989; Nelson, 1992). 

Mechanism of coupling ATP hydrolysis with H + 
transport 

Mg 2+ -ATP substrate binds with strong negative cooperativity 
to three potentially catalytic sites in Fi- and FiF 0 -ATPase 
complexes (Weber et al 1994). Binding of the second and third 
nucleotide strongly promotes catalysis. Evidence from a direct 
binding study (Weber et al 1993) and from an independent 
hybridization approach with mutant p subunits (Amano et al 
1996) now strongly indicates that all three catalytic sites must be 
occupied and catalytically competent for optimal catalysis. 
Boyer's postulated 'binding change mechanism* for the enzyme 
was based upon these assumed and other properties (Boyer, 1 993; 
Cross, 1981). The proposed ATPase mechanism envisages three 
alternating and cooperatively interacting sites with varying 
affinities for ATP and the [ADP+Pi] products, i.e. tight (T), loose 
(L) and open (O). The binding of ATP at an open site would lead 
to an O— »T transition, with subsequent formation of tightiy bound 
[ADP+Pi]; simultaneously, at a second site with bound [ADP+Pi], 
a T-»L transition would occur, and simultaneously, at a third site, 
[ADP+Pi] would be released following an L— >0 transition. The 
energy released with the changes in binding affinity would be used 
to drive H + translocation. ATP synthesis driven by Ajir would 
occur in the reverse order, i.e. binding of [ADP+Pi] substrate at 
an open site followed by sequential O— >L— >T transitions and 
ultimately release of ATP from the tight site. Although 
cooperative interactions between catalytic sites in the binding of 
substrates appear to be essential to the function of the enzyme, the 



Ajia* generated by electron transport is the primary driving force 
leading to release of ATP (Souid and Penefsky, 1995). 

The atomic resolution model of bovine Fi (ct3p3Y) provides 
an obvious structural scenario for the binding change mechanism 
of ATP synthesis. The enzyme was crystallized in the presence 
of the nonhydrolyzable ATP analog AMP-PNP, along with ADP 
and Mg 2+ . Nucleotide occupancy at each of the three catalytic 
sites differs, i.e. AMP-PNP is bound at one site (the triphosphate 
or pTP site), ADP is bound at the second site (pDP) and the third 
site is empty (pE). The structures of each of the sites differ, as 
does the juxtaposition of each of the three p subunits to the 
asymmetrical y subunit. The nucleotide binding site is literally 
opened in the empty p subunit by movements of p-strands 
proximal to the binding site and a more global movement of the 
largely a-helical, C-terminal third of the subunit by distances of 
up to 2 nm. Hydrogen-bonding rearrangements in the displaced 
loop of pE, near the nucleotide binding site, result in the 
formation of a 'catch* with the long C-terminal helix of the y 
subunit (see Fig. 1). A second 'catch* is formed between the 
short, horizontally inclined helix of y and the conserved 
DELSEED loop sequence in the C-terminal helical domain of 
the pTP subunit. Abrahams et al (1994) propose that the 
conformational changes predicted in the binding change 
mechanism occur as a consequence of the rotation of the y 
subunit relative to the three structurally asymmetrical p subunits. 
Subunit y is proposed to rotate within a hydrophobic sleeve 
which surrounds the C-terminal end of the long Fi -traversing oc- 
helix. During oxidative phosphorylation, rotation would be 
driven by Ann* to cause a conformational change at a tight ATP 
site, thus opening that site and releasing ATP. Direct evidence 
for rotation between all three catalytic sites is still rriinimal. In 
experiments designed to test the rotational model, Duncan et al 
(1995) demonstrated that the p subunit neighboring Cys87 of 
subunit y moved during catalytic turnover. The extent of subunit 
repositioning was consistent with the alternating three-site 
model. Sabbert et al (1996) have concluded that eosin-labeled 
subunit y rotates by more than 200 ° within an immobilized 0t3p3 
core during the hydrolysis of ATP, based upon polarized 
absorption relaxation measurements following photobleaching. 

In the FiF 0 complex, the a and p subunits lie well above the 
plane of the lipid bilayer, while the y subunit extends from the 
crown of Fi to the membrane surface. In further considering 
the mechanism of coupling H + translocation to ATP synthesis, 
I will first review the evidence defining the H + -binding site in 
Fo and then return to consider the subunit-subunit interactions 
which couple events in F 0 to those in Fi. 

H + -translo eating unit of F 0 
Asp61 in the second transmembrane helix of subunit c has 
long been thought to be the H + -binding site in F 0 and to undergo 
protonation-deprotonation as each H + is transported 
(Fillingame, 1990), although compelling kinetic evidence for 
this hypothesis was lacking prior to the recent work of Dimroth 
and coworkers with a structurally related, Na + -transporting 
FiFo-ATPase in the bacterium Propionigenium modestum 
(Dimroth, 1 995). Asp6 1 is the site of reaction with 



220 R. H. FlLLINGAME 



dicyclohexylcariiodiimide (DCCD), which covalently modifies 
the carboxyl side-chain in a very specific reaction that blocks H + 
translocation. Substitution of Gly or Asn for Asp61 abolishes H + 
translocation, suggesting a requirement for an ionizable group at 
this position. Surprisingly, the essential carboxyl can be moved 
from position 61 in helix-2 to position 24 in transmembrane 
helix- 1 with retention of function (Miller et ah 1 990; Zhang and 
Fillingame, 1994). These findings suggest that the essential 
carboxyl can be anchored in essentially the same position in the 
center of the membrane from either of the two transmembrane 
helices and, further, that the two helices may act together as a 
structural unit during the protonation-deprotonation cycle. 

Subunits of the E. coli and P. modestum enzymes show high 
degrees of sequence homology, and hybrid enzymes have been 
constructed both biochemically (Laubinger et ah 1990) and 
genetically (Kaim and Dimroth, 1994). The P. modestum enzyme 
transports Na + but, at low concentrations of Na + , it has also been 
shown to transport H + (Laubinger and Dimroth, 1989). Na + and 
H + apparently compete for the same site. The homologous, 
DCCD-reactive residue in the P. modestum subunit c is Glu65. 
Na + protects Glu65 from reaction with DCCD, providing further 
evidence that the Glu65 carboxylate is the Na + - and H + -binding 
site (Kluge and Dimroth, 1993, 1994). On the basis of sequence 
comparisons of the E. coli and P. modestum subunits, we 
constructed mutants of the E. coli subunit c in the hope that the 
ion binding specificity could be changed (Zhang and Fillingame, 
1995a). One combination of four mutations, Val-Asp61-Ala- 
Ile— >Ala-Glu6 1 -Ser-Thr did generate an Fo that binds Li + , as 
evidenced by Li + inhibition of both H + transport and FiF 0 -ATPase 
activity. Thr at position 63 could be substituted by Ala or Gly with 
retention of the Li + -sensitive phenotype, which suggested a 
requirement for a flexible but not necessarily polar residue at this 
position. We have suggested that the Glu61 carboxylate together 
with the Ser62 hydroxyl and perhaps a peptide carbonyl may 
provide the oxygens of the Li + -liganding pocket. We predict that 
the Ser residue will be essential for Na + binding and translocation 
in the P. modestum enzyme. In combination, these studies provide 
compelling evidence that Asp61 in E. coli and Ghi65 in P. 
modestum are the site of H + binding. 

Nuclear magnetic resonance (NMR) studies of purified 
subunit c have recently provided information about its folding 
and the structure around Asp61 . The protein was shown to fold 
as a hairpin of two extended ot-helices in a single-phase solvent 
mixture of chloroform-methanol-water (4:4:1) made 
SOmmoir 1 in NaCl (Girvin and Fillingame, 1993). The protein 
can be purified in this solvent and reconstituted with other F 0 
subunits with full retention of activity (Dmitriev et al. 1995). 
Further, while in this solvent, it retains some of the properties 
and structural features expected of the protein in native F 0 
(Girvin and Fillingame, 1993, 1994). As indicated in Fig. 2, a 
high-resolution NMR structure has been proposed for the 
interacting helices from the region around Asp 6 1 to the N- and 
C-terminal ends (Girvin and Fillingame, 1 995). One of the most 
interesting features of this model is the close proximity of Ala24 
in helix- 1 to Asp 61 in helix-2. The side-chains are within Van 
der Waals contact with a distance of 0.32 nm between p- 



carbons. This proximity might, of course, be predicted from the 
genetic experiments discussed above in which the essential 
carboxyl is exchanged from position 61 to position 24 with 
retention of function. In looking at the model, it is easy to see 
how the carboxyl could be moved from one residue to the other 
with little effect on the structure of the bihelical unit. 

Asp61 exhibits another remarkable property in the solvent 
system being used for NMR. The carboxyl side-chain has a pKa 
of 7.1, which is 1.5 units higher than that of any of the other 
carboxyls in the protein (Assadi-Porter and Fillingame, 1995). 
The other carboxyls exhibit pKa values close to that expected 
for solvent-exposed residues. These results suggest that the 
protein must be folded with the Asp 61 carboxyl inaccessible to 
solvent and, indeed, the structural model predicts that the group 
should lie buried in a pocket of hydrophobic side-chains 
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Fig. 2. Suggested folding of subunit c based upon current distance 
contraints between transmembrane a-helices (drawing modified from 
Fillingame et al. 1995). The arrowheads indicate the well-defined 
region of helical-helical interaction (Girvin and Fillingame, 1995), i.e. 
from residues TyrlO to Ala25 in helix- 1 and Val60 to Ala77 in helix- 
2. The side-chain of Ala24 is shown juxtaposed to the Asp61 side- 
chain. The distance restraints from Girvin and Fillingame (1993) were 
combined with those in the well-defined region (Girvin and Fillingame, 
1995) and used as input for modeling the whole subunit. The model 
was generated by distance geometry and dynamic simulated annealing 
using the program XPLOR. The restraints between aromatic clusters 
at the top and bottom of the structure are emphasized since they limit 
possible folding regimens. The loop region in the model shown is very 
similar to that in the other low-energy structures generated in this 
exercise, but all structural details in this region are speculative. The 
protein model has been placed in a bilayer of 
d^oleoylphospliatidylethanolamine, modeled according to Peitzsch et 
al. (1995), to emphasize that the polar loop region of subunit c (at the 
top) cannot extend much beyond the plane of the membrane. 
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(Girvin and Fillingame, 1995). In the double mutant 
Ala24-»Asp/Asp6 1 — »Asn, the functional Asp24 carboxyl 
shows a similarly elevated pKa of 6.9, a finding consistent with 
the structural model which shows that a carboxyl from either 
residue 24 or residue 61 could extend into the same hydrophobic 
pocket. A mutant with aspartyls at both position 24 and position 
61 has also been examined and both carboxyls show pKa values 
close to 7.0. The function of this mutant is pH-sensitive, with 
one of the carboxyls predicted to have a pKa in the range 7-7.4 
in situ (Zhang and Fillingame, 1994). The environment around 
Asp61 in the isolated protein may thus correlate very well with 
that in native F 0 . During an active proton-pumping cycle, the 
structure around Asp 6 1 of subunit c is predicted to change from 
a high-pKa form to a low-pKa form as protons are pumped from 
low concentration to high concentration (Fillingame, 1990). The 
structure of subunit c being determined by NMR may 
correspond to the high-pKa form of the protein. 

The stoichiometry of H + pumped per ATP 
hydrolyzed/synthesized is generally estimated to be at least three 
and more probably four (Fillingame, 1990; van Walraven et al 
1996). The H + /ATP stoichiometry may explain the presence of 
multiple subunits c in the F 0 complex, i.e. four subunits c may 
undergo protonation and deprotonation per ATP synthesized. At 
a stoichiometry of four, a change in pKa for Asp61 of 
2-3 pH units would provide changes in binding energy of 
40-60 kJ mo i -1 , which is within the range of the free energy 
change (AG) estimated as necessary for ATP synthesis under 
varying conditions (Souid and Penefsky, 1995). If three different 
sets of four subunits c protonate and deprotonate as the three p 
subunits alternate in ATP synthesis, a functional explanation for 
the stoichiometry of 12 subunit c per F 0 would be at hand. 

Subunit a is also likely to play a role in H + translocation and 
perhaps in the coupling of H + translocation to ATP synthesis. 
A number of subunit a mutants have been described, but the 
phenotypes are still difficult to interpret owing to the lack of a 
structural model (Fillingame, 1 990). The number of 
transmembrane helices and the sidedness of the protein in the 
membrane are still not defined with certainty. Arg210 is 
generally thought to play a critical role in H + transport, but that 
role is not clear. In its protonated form, it could form a transient 
salt bridge with Asp61 of subunit c to lower the pKa during the 
part of the H + translocation cycle involving interaction of a 
single copy of subunit c with the single copy of subunit a, as I 
have suggested previously (Fillingame, 1 990). If this hypothesis 
were correct, a class of Arg210 mutants might be found that 
retain the capacity to function in passive H + transport not 
involving pKa changes, while being inactive in active H + 
transport cycles where the pKa changes are required. Indeed the 
Arg210-»Ala mutant shows hints of such a phenotype, i.e. the 
mutant lacks ATP synthase and ATPase-coupled H + transport 
activities but shows significant indications of passive H + 
conductance activity (Hatch et al 1995). Arg210 could also 
serve in either more or less direct roles. 

Hatch et al (1995) have now generated functional 
pseudorevertants to the Arg210-»Gln mutant where the 
essential Arg is replaced by a Gln252-»Arg mutation. This 



functional double mutant is unusual in that oxidative 
phosphorylation clearly takes place, whereas ATP-driven H + 
transport was not demonstrable. These results are difficult to 
rationalize since the two activities are presumed to represent a 
reversal of the same process. The studies of Hatch et al (1 995) 
most simply suggest a proximity of residues 210 and 252 in 
the membrane, which would occur with Arg210 on 
transmembrane helix-4 and Gln252 on transmembrane helix- 5 
in the five-helix model they propose. Such folding would also 
bring Gly218 and Glu219 into close proximity of His245, as 
predicted by other genetic studies (Cain and Simoni, 1988; 
Hartzog and Cain, 1994). The idea of an extended 
transmembrane helix with a continuous functional face from 
residues 212 to 222 is supported by Ala insertion mutagenesis 
experiments (Wang and Vik, 1994). Other genetic studies 
suggest that a face of this putative helix, including residues 
217, 221 and 224, may interact with the essential carboxyl 
group of subunit c during ATPase-coupled H + transport (Fraga 
et al 1994a). In these studies, the function of the 
Ala24-»Asp/Asp61-»Gly double mutant was shown to be 
optimized by third-site mutations in residues 217, 221 or 224. 
Since passive proton conductance is not disrupted in the 
Asp24Gly61 double mutant (Zhang and Fillingame, 1994), the 
optimizing mutations may facilitate the movements between 
subunits which lead to changes in pKa or which couple to 
conformational changes linked to ATP synthesis. 

Coupling of H + transport to ATP synthesis 
The protonation/deprotonation of Asp61 in subunit c was 
initially proposed to be linked with conformational changes in 
the polar loop region on the basis of the phenotype of an 
'uncoupled' mutant (Mosher et al 1985). Mutation of 
Gln42— »Glu in the conserved Arg-Gln-Pro sequence of the 
polar loop gave rise to an FiF 0 complex with normal ATPase 
activity that was uncoupled from H + translocation. The Fi 
moiety was bound by the mutant F 0 with normal affinity, and 
the mutant F 0 was shown to promote normal passive proton 
conductance. However, in contrast to the case of wild-type 
FiF 0) when Fi was bound it did not block the intrinsic proton 
conductance of cGln42-»Glu F Q . We have more recently 
described a very similar phenotype for the Arg41-»Lys polar 
loop mutant (Fraga et al 1 9946). Other mutations in Gln42 and 
Pro43 give rise to FiF 0 showing varying degrees of uncoupling 
(Fraga and Fillingame, 1989; Miller et al 1989). 

In an attempt to define the subunit in Fi that interacted with 
the polar loop to couple ATPase and H + translocation, we 
selected suppressor mutations to the cGln42— »Glu mutation. All 
four of the extragenic suppressors isolated proved to lie in the 
Glu31 codon of subunit e; the suppressor mutations being 
Glu31-»Lys (found twice), Glu31-*Gly and Glu31-»Val 
(Zhang et al 1 994). To test whether there was a direct interaction 
between residue 31 of subunit e and the polar loop of subunit c, 
Cys residues were introduced into both regions and crosslinking 
attempted by oxidation. Cross-links were found with the 
eCys31/cCys40, eCys3 l/cCys42 and eCys31/cCys43 pairs, but 
not with the eCys3 l/cCys39 pair (Zhang and Fillingame, 19956). 
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A cAsp44— »Cys mutant was also generated. The Cys in this 
mutant proved to be hyper-reactive, crosslinking with other 
subunits by mechanisms other than Cys-Cys oxidation. In 
collaboration with R. CapaldTs laboratory (University of Oregon, 
Eugene), the region of crosslinking in subunit y was defined by 
peptide mapping (Watts et al 1995). S. D. Watts, C. Tang and 
R. A. Capaldi (in preparation) have now introduced Cys at 
position 205 in subunit y and shown crosslinking with Cys42, 
Cys43 and Cys44 of subunit c. In sum, these results suggest that 
the conformational coupling between the loop region of subunit 
c and the stalk of Fi is likely to occur via direct interactions 
between loop residues of subunit c and residues in regions 
surrounding Glu31 of subunit e and Tyr205 of subunit y. 

The structure of the loop region of subunit c is not yet known 
but, on the basis of known NMR distance constraints, it is not 
likely to extend beyond the head group region of the 
phospholipid bilayer (Fig. 2; Fillingame et al 1995). We do 
know that the structure of the loop region around Pro43 
changes as Asp6 1 is titrated in the chloroform-methanol-water 
solvent used for NMR (Assadi-Porter and Fillingame, 1995), 
adding further support for the idea of H + binding causing 
global changes in loop structure. The atomic resolution X-ray 
model of Fi does not resolve the region of subunit y around 
Tyr205, but it can be assumed that the C-terminal cc-helical 
structure protruding from the bottom of Fi extends to the 
surface of the membrane. Crosslinking studies indicate that 
subunit e must also extend the entire length of the stalk as it 
can be crosslinked to both the Fo and Fi domains (Zhang and 
Fillingame, 19956; Aggeler and Capaldi, 1996). Wilkens et al 
(1995) have recently reported an NMR-derived structure for 
isolated subunit e (Fig. 3). It is a protein of two distinct 
domains, where the N- terminal domain of 84 residues forms a 
flattened 10-stranded p-barrel and the C-terminal 48 residues 
fold as an antiparallel hairpin of two extended ot-helices. 
Although the C-terminal domain interacts with important 
regions of the p or oc subunits, the interaction depending upon 
the nucleotide bound at catalytic sites (Capaldi et al 1995; 
Aggeler and Capaldi, 1996), this interaction appears to be 
unimportant in coupling since the entire domain can be deleted 
without loss of function (Kuki et al 1988). Subunits £ and y 
are known to bind to each other in vitro (Dunn, 1982), and 
regions of interaction have been defined by crosslinking, 
including interactions around residue Tyr205 of y and within 
the N -terminal p-barrel domain of subunit e (Tang and Capaldi, 
1996; see Fig. 3). As protons are translocated, the ye complex 
is hypothesized to move as a unit from one subunit c to another 
to generate torque on y that would cause it to rotate as an axle 
within the 0:303 hexamer of Fi (Tang and Capaldi, 1996). 

How might ATP synthesis be driven by such a molecular 
machine? The y subunit inside the 0:3 p3 complex would be 
predicted to rotate by 120° as each tighdy bound ATP is 
released, and each 120° rotation would be expected to break 
and establish new * catches ' with the pE and pTP subunits. The 
120 0 rotation would be driven by the translocation of 4 H + and 
the unidirectional movement of the ye complex across the loop 
regions of four subunits c. Such a molecular machine could be 
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Fig. 3. Structure of the p-barrel domain of subunit e, determined by 
nuclear magnetic resonance, emphasizing the sites of interaction with 
F 0 and with subunit y of Fi (Wilkens et al 1995). The distance 
between the a-carbons of His3 8 and Glu3 1 at the bottom the structure 
is 1.8 nm. The coordinates and figure were provided by Dr S. Wilkens 
and Dr R. Capaldi (University of Oregon). 

designed by the following rules. Formation of the ye-c 
complex would require a loop structure, as seen only in the 
low-pKa form of subunit c, i.e. the form that accepts H + from 
the high H + activity side (outer surface) of the membrane. The 
association of the single-copy, subunit a with subunit c might 
be required to generate the low-pKa Asp61, as was discussed 
above. Movement of subunit a away from subunit c would be 
coupled to a pKa shift and translocation of the carboxyl group 
to the low H + activity side (inner surface) of the membrane. 
The release of H + from the high-pKa form of subunit c, or the 
conformational change accompanying the pKa shift, would 
result in changes in subunit c loop structure causing 
disassociation of the ye complex. An asymmetry in association 
of the ye pair with Fo subunits a or b could unidirectionally 
restrict movement of ye to the loop of the next low-pKa subunit 
c, i.e. force movement in a clockwise or counter-clockwise 
direction. As the fourth H + was translocated on completion of 
the 1 20 0 rotation, sufficient torque would be generated to drive 
the 120 0 rotation of subunit y within the 0i3p3 hexamer, by the 
breaking and reformation of the PE and PTP 'catches', with a 
cooperative alteration of nucleotide binding site structure in the 
three p subunits and release of ATP from the 'tight' site. 

In evaluating such a model, one needs to know whether the y 
subunit moves smoothly in four isoenergetic steps over each 1 20 0 
of rotation, as it moves from one p to the next, or in contrast, 
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whether most of the energy is spent in a single event such as 
driving 'catch' breaking and/or 'catch* reformation and the 
associated conformational changes. On the basis of the X-ray 
crystal structure, the latter seems more likely. If the energy is 
consumed in a single event, then the sequential release of four 
protons in isoenergetic translocations steps, as suggested in the 
paragraph above, is problematic. That is, how would the energy 
be stored over the interval between the first and fourth 
translocation event? A solution to the problem is to make the 
release of H + from the high-pKa form of subunit c dependent upon 
the position of 7 within the CC3P3 core, e.g. to permit H + release 
only when y is in position to form a new catch. In such a model, 
the association of ye with the loop of subunit c would still be 
dependent upon formation of the low-pKa form of the protein, and 
transition to the high-pKa form would still cause ye disassociation, 
but H + would not be released from the high-pKa sites before 
simultaneous completion of the 120° movement of subunit y. 

The work described from my own laboratory was supported 
by US Public Health Service Grant GM23105. 1 thank Dr Rod 
Capaldi and Dr Stephen Wilkens of the University of Oregon, 
Eugene, for providing coordinates of subunit e, for the drawing 
shown in Fig. 3 and for providing timely access to information 
prior to publication. 
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The mechanisms of energy coupling and catalytic co- 
operativity are not yet understood for H + -ATPase (ATP 
synthase). An Escherichia coli y subunit frameshift mu- 
tant (downstream of Thr-y277) could not grow by oxida- 
tive phosphorylation because both mechanisms were 
defective (Iwamoto, A., Miki, J., Maeda, M., and Futai, M. 
(1990) J. Biol. Chem. 265, 5043-5048). The defect(s) of the 
y frameshift was obvious, because the mutant subunit 
had a carboxyl terminus comprising 16 residues differ- 
ent from those in the wild type. However, in this study, 
we surprisingly found that an Arg-052 -» Cys or GIy-0150 
— > Asp replacement could suppress the deleterious ef- 
fects of the y frameshift. The membranes of the two 
mutants (y frameshift/Cys-052 with or without a third 
mutation, Va 1-077 -> Ala) exhibited increased oxidative 
phosphorylation, together with 70 -100% of the wild type 
ATPase activity. Similarly, the y frameshift/ Asp -01 50 
mutant could grow by oxidative phosphorylation, al- 
though this mutant had low membrane ATPase activity. 
These results suggest that the 0 subunit mutation sup- 
pressed the defects of catalytic cooperativity and/or en- 
ergy coupling in the y mutant, consistent with the no- 
tion that conformational transmission between the two 
subunits is pertinent for this enzyme. 



H + -ATPase (ATP synthase, F 0 F,) synthesizes ATP coupled 
with an electrochemical gradient of protons (for reviews see 
Refs. 1-3). The catalytic site of the enzyme is located in the 0 
subunit of the Fj sector (a 3 0 3 y8e). The membrane-intrinsic F 0 
sector (a^c 6 _ 10 ) functions as a proton pathway. Studies on a 
negatively stained specimen labeled with maleimidogold estab- 
lished that the central mass of Fj contains the amino-terminal 
part of the y subunit (4). The x-ray structures of the mitochon- 
drial F! sector of bovine heart and rat liver have been studied 
by two groups independently (5-7). In the crystal structure of 
bovine F 1( the a and 0 subunits are arranged alternatively 
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around the amino and carboxyl-terminal a helices of the y 
subunit (7). Consistent with its central location in the F! sector, 
the active role of the y subunit in catalysis and its energy 
coupling with proton transport have been supported by bio- 
chemical and molecular biological studies (8-12). 

Mutational studies on the Escherichia coli enzyme suggested 
the importance of the amino- and carboxyl-terminal regions of 
the y subunit (286 total residues) in catalysis and energy cou- 
pling. Amino acid substitutions in the region between Gln-y269 
and Thr-y277 decreased the membrane ATPase activity and 
growth by oxidative phosphorylation (8, 10). The amino-termi- 
nal mutants, Met-y23 -» Lys and Met-y23 -» Arg, exhibited 
substantial ATPase activities (65 and 1 00%, respectively, of the 
wild type level), although they grew only very slowly by oxida- 
tive phosphorylation (9). The uncoupled phenotype of the Met- 
y23 — > Lys mutant was suppressed by eight different amino 
acid replacements mapped between residues 269 and 280 in the 
carboxyl-terminal domain (10, 13). These results suggest that 
the two terminal regions functionally interact to mediate effi- 
cient energy coupling. The y subunit with the Ser-y8 Cys 
mutation cross -linked with a different 0 subunit region in the 
presence of Mg 2+ -ADP or Mg 2+ -ATP, suggesting that confor- 
mational changes related to the catalytic site event occur 
around Ser-y8 (11). Furthermore, a fluorescence probe intro- 
duced into the y subunit changed its spectrum on the addition of 
ATP or AMPPNP 1 (12). However, it is unknown which region(s) 
of the 0 subunit interacts functionally with the y subunit. 

The interaction (s) between different subunits within the F 1 
sector can be clearly shown by mutation studies (14); suppres- 
sion of the defective energy coupling of the Ser-0174 — > Phe 
mutation by an Arg-a296 — > Cys replacement indicated the 
importance of the functional o>0 interaction in energy coupling. 
In this study, a similar approach was adopted for the 0 sub- 
unit-y subunit interaction. We previously isolated an interest- 
ing frameshift mutant that had 16 unrelated residues due to a 
nucleotide deletion from the Gln-y278 codon (8); the y subunit 
frameshift has 7 additional residues at its carboxyl terminus 
together with 9 altered residues downstream of Thr-y277. The 
mutant cells exhibited low membrane ATPase activity and 
could not grow by oxidative phosphorylation. Thus, the long 
altered carboxyl-terminal domain may interact deleteriously 
with the 0 subunit leading to lower catalytic cooperativity and 
defective energy coupling. The defect of the y frameshift mu- 
tation was suppressed by 0R52C (Arg-052 Cys) with or 
without a 0V77A (Val-077 -» Ala) or 0G 1 SOD (Gly-01 50 -> Asp) 



1 The abbreviations used are: AMPPNP, 5'-adenylyl-0,y-imidodiphos- 
phate; PCR, polymerase chain reaction; MES, 2-(Mmorpholino)ethane- 
sulfonic acid; MOPS, 3-(AAmorpholino)propanesuIfonic acid. 
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replacement in the 0 subunit, suggesting that the deleterious 
/3-y interaction in the y frameshift was suppressed by the 
second 0 subunit mutation. It is surprising that growth of the 
three mutants can be supported by oxidative phosphorylation. 

EXPERIMENTAL PROCEDURES 

E. coli and Growth Conditions— Strains DK8 {buncB-C. ilv.iTnlO. 
thft (15) lacking the entire unc (ATP synthase) operon and KFlOrA (thJ, 
thy. recAl. uncGW (Gln-yl4 end)) carrying pBMG293fs (frameshift 
in the uncG gene for the y subunit) (8) were also used. The rich medium 
(L broth) supplemented with 50 ^tg/ml thymine with or without ampi- 
cillin and the minimal medium (16) containing 2 /ig/ml thiamine, 50 
/xg/ml thymine, 50 fig/ml i sol eu cine, 50 fig/ml valine, and a carbon 
source (10 mM glucose, 15 mM succinate, or 0.5% glycerol) were de- 
scribed previously. 

Construction of pBMUGlSfs Carrying the Entire unc Operon with the 
y Subunit Frameshift Mutation — The 7 frameshift mutation was intro- 
duced into a recombinant plasmid, pBWUl (17), carrying the entire 
wild type unc operon (see Fig. 1). A unique Spel site was introduced into 
the noncoding region (9 base pairs downstream of the last letter of the 
uncG end codon) by mutagenesis of pBWUl using polymerase chain 
reaction (PCR) (Perkin- Elmer); the combinations of primers I and III 
and primers II and IV were used for the first PCR, and then primers I 
and II were used for the second PCR (see Fig. la). The primers used 
were: I, 5'-TGCCC AGGTCACCGGCATGG-3' ; II, 5'-TAACCGGAGT- 
GCTCGATCGC-3'; III and IV, as shown in Fig. 1. After removing the 
Ndel segment from the resulting plasmid, pBWU15 carrying the entire 
unc operon was constructed. pBMG293fs (8) carrying uncG with the 7 
frameshift mutation was subjected to PCR using primers I and FS (see 
Fig. \b). The Rsrll-Spel fragment was isolated from the amplified 
product and ligated with pBWU15 digested with the same endonucle- 
ases. The resulting recombinant plasmid, pBMUGlSfs, was used for 
further studies. 

Random Mutagenesis of the J3 Subunit Gene (uncD) — The Spel- Sad 
fragment corresponding to the amino- terminal half of the uncD gene 
was isolated and introduced into pBIuescript II SK+ (see Fig. Ic). A 
modified PCR (18) was employed to generate random mutations using 
universal primers (vector segments), and the Spel-Sad fragment was 
isolated and ligated with pBMUG15fe treated with the same enzymes. 
The resulting plasmids were transformed into strain DK8, and cells 
showing positive growth on succinate by oxidative phosphorylation 
were isolated These cells harbored recombinant plasmids carrying the 
y frameshift mutation and /3 subunit mutation (s). A plasmid, pB- 
MUD13-G150D, having a single mutation, Gly^lSO -> Asp (GGT -» 
GAT) was constructed as described previously (17). 

Other Procedures — Membrane vesicles were prepared from logarith- 
mic phase cells (19) and suspended in a TKDG buffer (10 mM Tris-HCl, 
pH 8.0, 140 mM KC1, 0.5 mM dithiothreitol, and 10% glycerol). The 
formation of an electrochemical H + gradient (8), ATPase activity (19), 
the amount of protein (20), and the rate of ATP synthesis in the 
presence of 10 mM NADH (14) were assayed by the published proce- 
dures. DNA manipulation and sequencing were performed as described 
previously (21). ImmunoblotUng was carried out using an Amersham 
ECL Western blotting detection kit. 

Materials — Oligonucleotides were synthesized with a Pharmacia 
LKB (Uppsala) Gene Assembler Plus. The restriction and modifying 
enzymes for DNA were from Takara Shuzo Co. (Kyoto, Japan), Nippon 
Gene Co. (Toyama, Japan), or New England Biolabs (Beverly, MA). Taq 
polymerase and deoxynucleotides were from Perkin-Elmer. 

RESULTS 

Construction of a Recombinant Plasmid, pBMUGlSfs, Car- 
rying the unc Operon with the y Subunit Frameshift Muta- 
tion—A plasmid, pBMG293fs, carrying the frameshift y sub- 
unit gene was derived from a mutant recombinant plasmid, 
pBMG278Q (Glu-y278 Gin) by one nucleotide deletion from 
the Gln-y278 codon (CAG AG) (8). The frameshift y subunit 
was 7 residues longer than the wild type (286 total residues) 
and had 16 different residues. Plasmid pBMG293fs could not 
support the growth of the y mutant, KFlOrA (Gln-yl4 -> end), 
by oxidative phosphorylation, although membranes of KFlOrA/ 
pBMG293fs exhibited substantial ATPase activity (8). 

For further studies, the frameshift y subunit gene was trans- 
ferred from pBMG293fs into pBWUlS (Fig. 1, a and 6). The 
resulting plasmid, pBMUG15fs. carried all cistrons of the unc 



operon for H + ATPase with the y frameshift mutation. Similar 
to KF10rA/pBMG293fs. DK8 harboring pBMUGlSfs could not 
grow by oxidative phosphorylation and exhibited about 23% of 
the membrane ATPase activity of the same strain with wild 
type plasmid pBWU 1 5 fTable I) . As shown previously (22) , DK8 
harboring pBWU15 had 10-fold more enzyme than the regular 
E. coli strain. Thus, mutant cells even with enzyme having 1 0% 
of the specific activity of the wild type can grow by oxidative 
phosphorylation, if they can couple H + transport and ATP 
synthesis properly. The Ser-/3174 — > Leu mutant is an example 
of such cells; this mutant exhibited 10% membrane ATPase 
activity and a 50% growth yield on oxidative phosphorylation 
(14). Therefore, it is clear that DK8/pBMUG 1 5fs (with 23% 
membrane ATPase activity) is defective in energy coupling 
because no growth by oxidative phosphorylation could be ob- 
served. Consistent with no growth, the rate of ATP synthesis by 
DK8/pBMUG15fs membrane vesicles was less than 5% of the 
wild type level (Table I). 

/3 Subunit Amino Acid Substitutions Suppressed the y 
Frameshift Mutation — A DNA fragment corresponding to the 
amino-terminal half of the /3 subunit (Ala-j31 to Leu-j3162) was 
randomly mutagenized by PCR and ligated into pBMUGlSfs 
(Fig. lc). Surprisingly, three plasmids could confer the ability 
of oxidative phosphorylation-dependent growth on strain DK8 
(Table I). DNA sequencing of the two plasmids (pBMUGlSfsRl 
and pBMUG15fsR2) revealed different )3 subunit mutations, 
)3R52C and 0G15OD, respectively (Table I). The third plasmid 
(pBMUG15fsR3) had two mutations, j3R52C and 0V77A. The 
amounts of enzyme (Fj sector) found in membranes of the y 
frameshift with or without the /3 subunit mutation (s) were 
similar to those in the wild type (Fig. 2a). Consistent with the 
7 additional residues attached to the carboxyl terminus, the 
mobilities of the frameshift y subunits on electrophoresis were 
significantly lower than that of the wild type. This was clear 
with partially purified F l (Fig. 2b). Essentially the same 
amounts of the mutant and wild type y subunits were also 
identified on Western blotting (data not shown). 

Second Site Mutations Restored Oxidative Phosphorylation 
and Energy Coupling — Growth by oxidative phosphorylation 
was substantially recovered in DK8 harboring recombinant 
plasmids with the y frameshift and the /3 subunit mutation, 
whereas no growth was observed for the y frameshift (Table I) . 
DK8 harboring pBMUGlSfsRl (j8R52C) and pBMUGlSfs R2 
Q3G150D) gave about 70% of the growth yield of the wild type. 
The unc operon carried by pBMUG15fsR3 had two amino acid 
substitutions (|5R52C and 0V77A) in the /3 subunit together 
with the y frameshift. We think that both the 0R52C and 
/3V77A mutations suppressed the y frameshift mutation be- 
cause DK8/pBMUG15fsR3 always gave a higher growth yield 
and rate than DK8/pBMUG15fsRl having only a 0R52C re- 
placement in the 0 subunit. The growth rate of DK8/ 
pBMUG 1 SfsR 1 was about 40% of the wild type level, whereas 
those of other mutants were essentially the same as that of the 
wild type (data not shown). 

Membrane vesicles from the y frameshift/)3R52C mutant and 
that with j3V77A exhibited high membrane ATPase activities 
(70 and 100% of the wild type level, respectively) and could 
synthesize ATP at about 15 (7 frameshift//3R52C) and 30% (y 
frameshift//3R52C/)3V77A) of the wild type rate (Table I). These 
results suggest that the 0 subunit mutations suppressed the 
defective catalytic cooperativity of the y frameshift and in- 
creased the membrane ATPase activity. Consistent with higher 
growth by oxidative phosphorylation, the y frameshift//3R52C/ 
0V77A mutant exhibited higher ATPase activity and ATP syn- 
thesis than the y frameshift//3R52C. Membrane vesicles from 
the y frameshift with 0 subunit mutations exhibited lower ATP 
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Fig. 1. Construction of a recombinant plasmid (pBMUG15fs) carrying the unc (H + -ATPase) operon with the y sub unit frames hi ft 
mutation and introduction of random mutations into the 0 subunit. a, an Spel site was introduced by PCR between the y and 0 subunit 
genes carried by pBWUl; primers I/III and II/IV were used. The product was subjected to a second PCR (primer I/II). The resulting amplified 
fragment was digested with Rsiil and Sad and then inserted into the corresponding site of pBWUl. The Ndd fragment was deleted from the 
resulting plasmid, and the final construct was named pBWU15. b, an Spel site was also introduced downstream of the y subunit gene of 
pBMG293fs using primers I and FS. The Rsr U-Spel fragment was obtained and introduced into the corresponding site of the derivative of 
pBVVU15 constructed in a. The derivative was named pBMUG15fs. It should be noted that five restriction sites were introduced previously into 
the carboxyl- terminal region without changes in the amino acid residues coded (8). c, the Spel-Sad fragment of pBMUG15fs was transferred to 
pBluescript II SK+ and then subjected to PCR mutagenesis with sequence primers. The amplified products were digested with Spel and Sad and 
then ligated with the large Spel-Sad fragment of pBMUG15fs. Three plasmids conferred the ability of oxidative phosphorylation-dependent 
growth on strain DK8 lacking the unc operon. 



synthesis than the wild type, suggesting that they are still 
defective in energy coupling. 

The membrane ATPase activity of y frameshift/0G15OD was 
found to be low when assayed by the standard procedure. The 
y frameshift/0G 1 SOD enzyme was unstable under these condi- 
tions. As shown previously (14), the Arg-at296 -» Cys/Ser-0174 
— ► Phe enzyme was quickly inactivated but stabilized with high 
concentration of KC1 (14). Similar to this mutant enzyme, the y 
frameshift//3G150D enzyme was stabilized by KC1, and ATPase 
activity was found to be highest (2.6 units/mg protein, about 
1 0% of the wild type level) when assayed in the presence of 70 
mM KC1 (Fig. 3a). The optimal pH values of the mutant enzyme 
with and without KC1 were 7.0-8.0 and 6.5, respectively, 
whereas that of the wild type was 8.5 regardless of the presence 
of KC1 (Fig. 3, a and b); the specific activity of the mutant 
ATPase was found to be about 40% of the wild type level when 
assayed at pH 6.5. Thus the high growth yield of the mutant by 
oxidative phosphorylation may be due to the restored energy 
coupling because the mutant exhibited lower ATPase activity 
than the wild type even assayed under different conditions. 
Repeated trials to obtain membrane vesicles with ATP synthe- 



sis from the double mutant were not successful; we tried 
buffers with different pH values and ionic strengths for the 
preparation of membranes and assaying ATP synthesis, but 
the mutant membranes were always leaky to protons. The 
altered properties of the mutant were due to the combination of 
the y frameshift and 0G15OD; as separate mutants, the y 
frameshift and 0G15OD exhibited 23 and 17% of the membrane 
ATPase activity of the wild type, respectively, when assayed at 
pH 8.0, and membranes of the /3G150D single mutant were not 
leaky to protons, showing 13% of the ATP synthesis level of the 
wild type (Table I). 

DISCUSSION 

Protons transported through F 0 may cause a series of con- 
formational changes in different subunits and finally drive 
ATP synthesis in the 0 subunit. Similarly in the reverse reac- 
tion, ATP hydrolysis causes the 0 subunit conformational 
change (s), which is transmitted through other subunits and 
finally to the H + transport pathway in the F 0 sector. The y 
frameshift mutant had two defects: a defect in catalytic coop- 
erativity, giving low ATPase activity, and one in energy cou- 
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Table I 

Properties of mutants carrying the y subunit frameshift 
and 0 subunit amino add replacements 
Strain DK8 harboring plasmids with the y frameshift and 0 subunit 
mutations were tested for growth by oxidative phosphorylation (growth 
yield on 15 mM succinate), membrane ATPase activity, and in vitro ATP 
synthesis. The plasmids carrying 0/? mutations were: y frameshift/ 
0R52C (CGT TGT), pBMUG15feRl; y frameshift/0R52C (CGT — 
TGTV0V77A (GTC — GCC), pBMUG15fcR3; and y frameshift/0G15OD 
(GGT -> GAT), pBMUG15fsR2. The wild type (DK8/pBWU15) was also 
tested as a control. pBMUG15fsR3 also carried a synonymous change in 
the Leu -038 codon. Membrane ATPase activities were assayed at pH 
8.0 and 6.5 under standard conditions. The relative growth yields are 
shown: wild type, 0.80 (absorbance at 650 nm). 



Mutation 



Membrane 

Growth on ATPase ATP synthe 

succinate in vitro 

pH 8.0 pH 6.5 





% 


units /mg protein 


nmoles/mg/ min 


None (wild type) 


100 


28.4 


5.0 


149 


y frameshift 


<2 


6.5 




7.2 


y frameshift/0R52C 


75 


20.5 


3.2 


22 


y frameshift/0R52C/0V77A 


83 


28.4 


4.5 


43 


y frameshift/0G15OD 


67 


2.6 a 


2.1 


ND* 


J3G150D 


80 


4.8 


1.6 


20 


No uncoperon 


0 


0.16 


<0.1 


2.9 



* The membrane ATPase activity value determined in the presence of 
70 mM KC1 is shown for the frameshift/jSGlSOD (see Fig. 3 for the effect 
of KC1). The wild type activity was about 18 units/mg protein under the 
modified conditions. 

b ND, not detected. Stable mutant membranes exhibiting substantial 
ATP synthesis activity could not be obtained, although we changed the 
pH and ionic strength of the buffers for preparation of membranes and 
for assaying of ATP synthesis. The assay with dicyclohexylcarbodiimide 
also gave no synthesis. 
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6 7 8 



y is J> • 



8 ► 




yfs > • 
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Fig. 2. Polyacrylamide gel electrophoresis of F r ATPase frac- 
tions from DK8 harboring various mutant plasmids. Cells were 
grown in a synthetic medium with glycerol as the sole carbon source. 
Their membranes (40 /ig of protein) were subjected to polyacrylamide 
gel electrophoresis (12%) in the presence of sodium dodecyl sulfate and 
then stained with Coomassie Brilliant Blue (a). The solubilized Fj 
sectors (EDTA extract, 15 jig of protein) were also subjected to electro- 
phoresis, and portions of the gel are shown to indicate mobility differ- 
ences between the wild type and frameshift y subunits (b). The positions 
of Fi subunits are indicated by arrows, together with the frameshift y 
[yfs). Lane 1, purified Fi (15 /Ig); lane 2, y frameshift; lane 3, y frame- 
shift/R52C; lane 4, y frameshift/R52C/V77A; lane 5, y frameshift/ 
G150D; lane 6, wild type; lane 7, DK8/pBR322 (no u/icoperon); lane 8, 
G150D. 



pling, resulting in low efficiency in ATP synthesis. The frame- 
shift 7 subunit had a longer altered sequence downstream of 
Thr-y277. With two methods (23, 24), it was predicted that the 
mutant carboxyl -terminal forms a 0-strand, whereas with the 
same methods a wild type a helix similar to the x-ray structure 
was predicted (7). The 0-strand may possibly extend about 60 A 
from Thr-y277 and interact with the upper /3-barrel and/or a 
part of the catalytic domain of the )3 subunit (Fig. 4). Thus, the 
mutant enzyme became defective in energy coupling and cata- 




PH 

FlG. 3. Effects of pH and KC1 on the membrane ATPase activity 
of the y frameshift/0G15OD mutant. pH activity profiles of the y 
frameshift//3G 1 50D (a) and wild type {b) membrane enzymes are shown. 
Membranes were diluted with TKDG buffer and then ATPase activity 
was measured with (closed symbols) and without {open symbols) 70 mM 
KC1. The standard assay conditions were used except that different 
buffers were used: pH 6 and 6.5, 20 mM MES-NaOH; pH 7 and 7.5, 
MOPS-NaOH; pH 8 and 8.5, Tris-HCl. 



Cfs 




p barrel domain 

nucleotide 
binding domain 



C terminal 
helical domain 



7C-terminus 

wild - TEIVSGAAAV (277-286) 

Cfs *•* TASSRAPRRFKILKGSR (277-293) 

FlG. 4. A model of F t with the y frameshift mutation and sup- 
pression by the 0 subunit mutations. A model was drawn based on 
the x-ray structure of bovine F! (7). The y frameshift has an unrelated 
sequence of 16 residues (additional 7 residues at the carboxyl terminus 
together with 9 altered residues downstream of Thr-y277). With two 
methods (23, 24), it was predicted that the carboxyl- terminal region of 
the y frameshift forms a 0-strand of about 60 A {shaded arrow). The 
0R52C (with or without 0V77A) and 0G15OD mutations restored mem- 
brane ATPase activity and ATP synthesis. Mutant residues (C 52 , A 77 , 
and D J5 ^ are located following the bovine Fj structure. The amino (N) 
and carboxyl (Q termini of the wild type and the frameshift (Cfs) y 
subunit are shown. The glycine- rich phosphate loop (25, 26) containing 
the catalytic residues is also shown (P loop). 



lytic cooperativity, possibly because the long carboxyl-terminaJ 
0-strand inhibited the proper conformational transmission be- 
tween the 0 and y subunit. It may also be possible that the 
transmission is carried out through the rotation of the y sub- 
unit (7) and such mechanical movement was inhibited in the 7 
frameshift by the interaction of its carboxyl j3-strand with the 
j3 subunit. 

The defective energy coupling and catalytic cooperativity of 
the y frameshift mutant were suppressed by amino acid re- 
placements in the j3 subunit, indicating that the altered j3-? 
interaction in the y frameshift was restored by the p subunit 
mutations. Two different replacements, 0R52C with or without 
0V77A and 0G15OD, suppressed the y frameshift, possibly 
through different mechanisms. The Arg-/352 residue is con- 
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served in all the )3 subunit so far sequenced (57 different 
species; SWISS PROT rel. 30), and the corresponding bovine 
residue is located in the j3-barrel domain (7). Val-/377 corre- 
sponds to bovine Ile-84, which is located in the j3-sheet connect- 
ing the /3-barrel and nucleotide binding domains. Therefore, 
the deleterious interaction between the putative /3-strand of 
the carboxyl-terminal domain of the y frameshift and the 
^-barrel was restored by the second mutation (/3R52C) in the 
same domain. This is further supported by an additional sup- 
pressing effect of the 0V77A mutation. 

Gly-j3150 is located in the phosphate loop containing the 
catalytic residues (25, 26). The corresponding bovine loop may 
show a large conformational change during catalysis, because 
structures of this region in the nucleotide -bound and empty /3 
subunit are strikingly different (7). Thus, the /3G150D muta- 
tion may affect the orientation of another loop located above the 
glycine -rich sequence or that of the carboxyl-terminal a helical 
domain. These structural considerations suggest that the de- 
fective energy coupling of the y frameshift was suppressed by 
the Asp-/3150 mutation, possibly because the )3 subunit muta- 
tion changed the mode of conformational transmission between 
the 0 catalytic site and the y subunit. Further studies with the 
present approach will be helpful for clarifying the conforma- 
tional transmission among subunits during ATP synthesis. 
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The F 0 F! proton- translocating ATPase complex of Escherichia coli, encoded by the atpIBEFHAGDC operon, 
catalyzes the synthesis of ATP from ADP and P ( during aerobic and anaerobic growth when respiratory 
substrates are present It can also catalyze the reverse reaction to hydrolyze ATP during nonrespiratory 
conditions (i.e., during fermentation of simple sugars) in order to maintain a electrochemical proton gradient 
across the cytoplasmic membrane. To examine how the atp genes are expressed under different conditions of 
cell culture, atpI-lacZ operon fusions were constructed and analyzed in single copy on the bacterial chromosome 
or on low-copy-number plasmids. Expression varied over a relatively narrow range (about threefold) regardless 
of the complexity of the cell growth medium, the availability of different electron acceptors or carbon com- 
pounds, or the pH of the culture medium. In contrast to prior proposals, atp operon expression was shown to 
occur from a single promoter located immediately before atpl rather than from within it The results of 
continuous-culture experiments suggest that the cell growth rate rather than the type of carbon compound used 
for growth is the major variable in controlling atp gene expression. Together, these studies establish that 
synthesis of the ATPase is not greatly varied by modulating atp operon transcription. 



The proton-translocating ATPase of Escherichia coli is a 
member of the Fot 7 ! class of ATPases that occur widely in 
bacteria and in the mitochondria and chloroplasts of eukary- 
otic organisms (7, 32). During aerobic cell growth, the ATPase 
of E. coli couples the energy derived from oxygen respiration 
to ATP synthesis by the process commonly known as electron 
transport-linked phosphorylation. During anaerobic growth, E. 
coli can also generate an electrochemical proton gradient by 
respiration using a variety of alternative electron acceptors, 
including nitrate, trimethylamine TV-oxide (TMAO), dimethyl 
sulfoxide, and fumarate; the ATPase also functions to synthe- 
size ATP under these conditions. However, when the cell per- 
forms anaerobic fermentations, it can generate ATP only by 
substrate-level phosphorylation reactions. During this growth 
mode, E. coli must employ the ATPase to hydrolyze ATP to 
generate the electrochemical proton gradient required to sup- 
port other membrane functions, including solute transport and 
flagellar rotation (23). 

The structure and function of the bacterial ATPase have 
been studied extensively (see reviews in references 7, 32, and 
37). The ATPase of E. coli is composed of eight dissimilar 
polypeptides that are present in a stoichiometry of a 1 :c 12 :b 2 : 
o l :a 3 :7 1 :p 3 :e 1 (6). Its molecular mass is approximately 545 kDa 
for the combined F 0 F 1 complex. The atpIBEFHAGDC genes 
that encode these subunits are located at 84 min on the E. coli 
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chromosome map (2). An additional gene of unknown func- 
tion, called atpl^ precedes the other eight atp genes (3, 14, 37). 
The atpl gene product appears to be a hydrophobic protein, as 
judged from analysis of its predicted amino acid sequence. 
Analysis of the atpIBEFHAGDC mRNA revealed the location 
of the 5' end that initiates at a position 73 nucleotides up- 
stream of the start of atpl translation (13, 14, 28). All of the 
genes appear to be cotranscribed from a single promoter to 
give a 7-kb mRNA that terminates just following the atpC gene 
(9, 13, 28). Numerous investigations have documented the 
differential translation of the atp genes such that each subunit 
of the ATPase is produced in the appropriate amount for 
assembly into the mature complex (1, 18, 19, 27, 29, 31, 
35). This process involves an ordered endonucleolytic process- 
ing of the atp message to yield several stable intermediates that 
are then differentially translated. This processing involves the 
formation of complex mRNA secondary structures that allow 
different levels of ribosome binding and efficiencies of trans- 
lation. 

Given the relatively detailed understanding of atp mRNA 
translation, little is known about the control of atp operon 
transcription under the various conditions of E. coli growth. In 
this study, we examined the expression of atpI-lacZ operon 
fusions that were contained on the bacterial chromosome in a 
single copy or on low-copy-number plasmids and found that 
atp operon expression was remarkably constant under a variety 
of cell growth conditions. 

MATERIALS AND METHODS 

Bacterial strains, bacteriophages, and plasmids. The genotypes of the E. coli 
K-12 strains, bacteriophages, and plasmids used are given in Table 1. To con- 
struct the arzA, fnr, himA, and fis strains, an MC4100AEK13 rysogen was in- 
fected with a PI hysate which had been prepared from cells containing the 
specified deletion or mutation (21, 25). Mutant MC410CVXEK13 strains were 
selected by the transfer of antibiotic resistance. The Aarc4::Kan' phenotype was 
confirmed by the characteristic small colony size when cells were plated on 
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TABLE 1. & coli K-12 strains, plasmids, and bacteriophages used 



Strain, plasmid, 
or phage 


Origin 


Genotype or phenotype 


Source 


Strains 








MC4100 




F" amD139 (£ar%F4ac)U169 rpsLlSO relAl flb5301 deoCl ptsF25 rbsR 


33 


PC2 




A/hr 


25 


PC35 


MC4100 


darcA Kan r 


25 


SJP3 


MC4100 


himA&82 


25 


SJP4 


MC4100 


fis767 


25 


MRi93 


MC4100 


pcnB 


16 


Plasmids 






pHJUPl 




atpl* 


13 


pRS415 




lacZ + lacY* lacA + 


34 


pJMl 


pRS415 


atpI'-lacZ lacY* lacA* 


This study 


pJM2 


pRS415 


atprB'-lacZ lacY* lacA + 


This study 


pJM3 


pRS415 


atp'IB'-lacZlacY* lacA* 


This study 


pEK13 


pRS415 


atpI'-lacZ* 


This study 


Phages 








M13mpl8 






20 


13SJP1811 


M13mpl8 


atpl 


This study 


M13SJP18102 


M13SJP1811 


M13SJP1811 with an additional BamHl site 


This study 


XRS45 




lacZ* lacY* lacA + 


34 


XEK13 


XRS45 


atpV-lacZ + 


This study 



toluidine blue plates (25). The himA::Tcf phenotype was confirmed by the 
inability of Mu phage to form clear plaques on a himA mutant (25). 

Construction of atpI-lacZ operon fusions. An atpI-lacZ fusion (pBK13) con- 
taining the first 13 codons of atpl and the upstream 1.3 kb of DNA was con- 
structed by digesting plasmid pHJUPl (13) with /findlll. The resulting 1.3-kb 
atpl fragment was inserted into M13mpl8 to give phage M13SJP11. A BamHl 
restriction site was introduced into atpl at codon 13 by site-directed mutagenesis 
to give M13SJP102. The 1.2-kb#amHI fragment tliat contains the 5' end of atpl 
and the upstream region was transferred into plasmid pRS45 (34) to give pEK13. 
The correct orientation of the atpI-lacZ fusion in pEK13 was confirmed by 
restriction enzyme digestions with Seal and iftndlll and by DNA sequence 
analysis. The fusion was then transferred onto \RS45 (34) to give phage XEK13. 
Lambda phages containing the 1.3-kb atpl-lacZ fusion were isolated by their 
ability to confer the Lac + phenotype to MC4100. A high-titer rysate of \EK13 
was used to lysogenize MC4100. Since k phages integrate at the att lambda 
integration site, the wild-type atp operon is preserved intact at 84 min on the 
chromosome. Single lysogens were identified by p-galactosidase assay and 
stocked for subsequent analysis. 

To examine if additional promoter(s) are located within the atpl gene, various 
regions of the atp operon (Fig. 1) were PCR amplified from DNA isolated from 
MC4100, to introduce an upstream EcoRl site and a downstream BamHl site. 
These fragments were then inserted into the corresponding sites of plasmid 
pRS415 to generate the atpl-lacZ, atpI^B-lacZ, and atpIB-lacZ plasmids, pJMl, 



-0.5 
1 



0.0 

-J 



+0.5 



uncB ~~[\ tutcE | 



pKK13 



pJMl 



pJM2 



P-Calactosidase activity 
34000 
32000 
17000 
240 



pJM3 

FIG. 1. Physical map of atpI-lacZ operon fusions used in this study. The 
atpI-lacZ* fusion plasmid pEK13 contains a 1.3-kb BamHl fragment with the 
first 13 codons of the atpl gene and the associated upstream regulatory region 
from pHJUPl; this fragment was inserted into the BamHl site of pRS415 to 
generate pEK13. Plasmid pJMl is identical to pEK13 except that it contains onfy 
the 554 bp before atpl, while pJM2 contains atp DNA extending to codon 29 of 
atpB. Plasmid pJM3 contains DNA from the bp 18 of atpl to codon 29 olatpB. 
The boxed regions represent the indicated atp genes. The arrow indicates the 
direction atatpIBE transcription from \hcatp promoter. p-Galactosidase activity 
is expressed as in Table 2. 



pJM2, and pJM3, respectively. The constructions were verified by DNA se- 
quence analysis. Expression of the plasmid-borne fusions was monitored in a 
pcnB strain to maintain the fusions at low copy number in the cell (16). 

Cell growth. For strain, phage, and plasmid constructions, cells were grown on 
Luria broth (LB) or solid media (5, 25). When required, ampicillin, kanamycin, 
and tetracycline were added to the medium in concentrations of 80, 40, and 20 
mg/liter, respectively. For p-galactosidase assay, cells were grown in a glucose- 
containing minimal medium (pH 7.0) unless otherwise indicated (4). Carbon 
compounds were added to the minimal medium at 40 mM. Buffered LB (5) was 
used to evaluate the effect of medium richness. Anaerobic cell growth was 
performed in 10-ml anaerobic tubes fitted with butyl rubber stoppers as previ- 
ously described (5). Aerobic growth was performed by incubating 10-ml culture 
volumes in 150-ml flasks with loose-fitting caps shaken vigorously (380 rpm). All 
cultures were incubated at 37°C. 

For anaerobic growth with the alternative electron acceptor nitrate, fumarate, 
or TMAO, a glucose- or a glycerol-containing minimal medium was supple- 
mented with each of the respiratory compounds at a final level of 40 mM (5). 
Flasks were inoculated from overnight cultures of the medium grown under 
identical conditions, and the cultures were allowed to double four to five times 
to mid-exponential phase (optical density at 600 nm of 0.40 to 0.45; Kontron 
Uvikon 810 Spectrophotometer) before harvest To determine the effect of pH 
on atpI-lacZ transcription, buffered media were adjusted to pH 5.7, 6.0, 63, 7.0, 
and 7.5 as previously described (4). The pH values were measured before and 
after cell growth; at the end of the experiment, the pH did not drop by more than 
0.2 units. 

Growth of cells in a continuous culture was performed as previously described 
(36). A Queue Mouse bioreactor (Queue Corporation, Parkersburg, W.V.) was 
fitted with a 2-liter vessel and operated at a 1 -liter liquid working volume (36). 
The medium was Vogel-Bonner medium (pH 6.5) modified by addition of 
Casamino Acids (0.25 mg/liter) and by using glucose at a concentration of 2.25 
mM to limit cell growth (Le., a carbon-limited medium). Aerobic continuous 
culture conditions were maintained by saturating the culture medium with sterile 
air at a rate of 2.0 liter^min. Anaerobic conditions were maintained by contin- 
uously sparging the vessel with oxygen-free nitrogen at a rate of 200 ml/min. To 
vary cell growth rate (k), the medium addition rate was adjusted accordingly: the 
medium addition rates ranged from 2 to 16 ml/min (fc = 0.12 to 0.96/h), which 
corresponded to cell doubling times of 350 and 58 min, respectively (23, 36). 
When cells were shifted to a new rate of growth, steady state was generally 
achieved in five reactor residence times. 

p-Galactosidase assay. p-Galactosidase assays were performed as previously 
described (5). p-Galactosidase values represent the values of at least four ex- 
periments. Values usually did not vary by more than 6% from the mean. Protein 
concentration was estimated by assuming that a cell optical density of 1.4 at 600 
nm is equal to 150 u.g of protein per ml (21). Units of p-galactosidase are 
expressed as nanomoles of o-nitrophenyl-p-D-galactopyranoside (ONPG) hydro- 
lyzed per minute per milligram of protein. An extinction coefficient of 0.0045 was 
used for ONPG. 

Molecular biology techniques. Transformation of E. coli and chromosomal 
and plasmid isolations were performed as described previously (17). DNA se- 
quencing, using a Sequenase kit (version 2.0; U.S. Biochemical), and PCR am- 
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TABLE 2. Effects of carbon compounds on atpl-lacZ expression 

p-Galactosidase activity (nmol of 
Addition(s) a ONPG hydrolyzcd/minying of protein) 





+o 2 


-o* 


Glucose 


11,300 


15,000 


Galactose 


15,000 


14,800 


Xylose 


16,700 


17,300 


Pyruvate 


23,500 


21,500 


Glycerol 


21,500 


NG fr 


Acetate 


18,100 


NG 


Succinate 


21,700 


NG 


Fumarate 


23,400 


NG 


Malate 


18,700 


NG 


LB 


9,820 


11,500 


LB, glucose 


7,600 


8,300 


LB, pyruvate 


8,800 


8,000 



a MC4100/XBK13 cells were grown either in a minimal medium aerobicalfy or 
anaerobically or in a LB with supplements as described in the text Carbon 
compounds were added at a final concentration of 40 mM. 

b NG, no growth. 



plification, using a GeneAmp PCR system 2400 (Perkin- Elmer Cetus), were 
performed according to the manufacturer's instructions. 

Materials. ONPG, ampicillin, kanamycin, and tetracycline were purchased 
from Sigma Chemical Co., St. Louis, Mo. 

RESULTS AND DISCUSSION 

Effect of oxygen and carbon substrates on atpl-lacZ expres- 
sion. To examine how the composition of the cell culture 
medium affects atp operon expression, an atpl-lacZ fusion con- 
taining the first 13 codons of atpl and the 1.3-kb upstream 
region was constructed (Fig. 1, pEK13). Following its insertion 
into the chromosome in single copy (see Materials and Meth- 
ods), cells were grown under aerobic and anaerobic conditions 
in rich media or in minimal salts medium that contained single 
carbon compounds. During aerobic cell growth, atpl-lacZ ex- 
pression did not vary by more than threefold (Table 2). Ex- 
pression was highest when the tricarboxylic acid (TCA) cycle 
intermediates fumarate, malate, and succinate were used or 
when acetate and pyruvate, metabolic precursors of the cycle, 
were used. Expression was lowest when a rich medium (LB or 
a LB plus glucose) was used. During anaerobic cell culture 
conditions, atpl-lacZ expression did not vary significantly from 
that seen during aerobic conditions. Anaerobic cell growth on 
a glucose minimal salts medium led to expression about 30% 
higher than that seen during aerobic growth. 

In light of the findings of Futai et al. (7, 15, 22), we inves- 
tigated the possibility that there were additional weak atp pro- 
moters located within the atpl gene. To do this, we constructed 
a series of plasmid-borne atpl-lacZ fusions (Fig. 1). These 
plasmids were then introduced into an E. coli strain harboring 
a pcnB (11) mutation, and the p-galactosidase activity was 
determined in batch cultures grown aerobically in buffered LB. 
The strain with plasmid pJM3 that contained all of atpl except 
its first 13 codons displayed approximately 0.7% of the activity 
measured from pEK13, which has 1.3 kb of DNA upstream of 
atpl. This result indicates that there is little to no transcription 
originating from within the atpl open reading frame. The levels 
of p-galactosidase activity in cells containing either plasmid 
pEK13 or plasmid pJMl were about the same (ca. 32,000 to 
34,000 U). However, the level of p-galactosidase directed from 
the atpl^B-lacZ fusion on pJM2, which includes all of atpl and 
the first 29 codons of atpB, was approximately 50% of that 
measured from pJMl. This difference is most likely due to the 
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TABLE 3. Effects of alternative electron acceptors on atpl- 
lacZ expression 



p-Galactosidase activity (nmol of 
Electron acceptor ONPG hydroryzed/min/mg of protein) 

added" 

Glucose Glycerol 



None 


15,000 


NG* 


Oxygen 


11,300 


21,500 


Nitrate 


10,400 


18,900 


Fumarate 


12,400 


21,100 


TMAO 


13,800 


23,400 



* MC4100AEK13 cells were grown on minimal medium as described in the 
text The electron acceptors were present at 40 mM except for oxygen, in which 
case the medium was saturated with air by vigorous shaking. 

b NG, no growth. 



instability of the mRNA containing the atpl reading frame, 
since there is proposed to be a site for endonucleolytic cleav- 
age within atpl (19). Thus, atp operon expression appears to be 
the result of transcription from a single promoter located 73 bp 
upstream of atpl (13, 14, 28). All subsequent studies were 
performed with the XEK13 atpl-lacZ operon fusion. 

Effects of respiratory substrates on atpl-lacZ expression. As 
E. coli can respire by using oxygen, nitrate, TMAO, or fuma- 
rate as an electron acceptor, we tested how the presence of 
each of these compounds affected atpl-lacZ expression (Table 
3). When glucose was used as a carbon source, atpl-lacZ ex- 
pression varied by no more than about 30% with the different 
electron acceptors. Interestingly, expression was highest when 
no electron acceptor was provided (i.e., conditions in which the 
cell must ferment). When glycerol was used in place of glucose, 
atpl-lacZ expression was elevated by almost twofold for each 
respiratory condition tested. Thus, the type of carbon substrate 
used for cell growth appears to have a greater influence on the 
level of atp gene expression than does the presence of a respi- 
ratory substrate. 

Effect of medium pH on atpl-lacZ expression. Since the cell 
maintains a relatively constant internal pH, we examined 
whether changes in the pH of the cell culture medium affect 
atpl-lacZ expression. Cells were grown in a buffered glucose 
minimal medium at pH values ranging from pH 5.7 to 7.5. 
Aerobically, atpl-lacZ expression was remarkably constant, not 
varying more than +5% (Table 4). During anaerobic cell cul- 
ture, cells did not grow well below pH 6; however, above this 
pH value," gene expression increased modestly. Gene expres- 
sion was higher under anaerobic than aerobic conditions for 
each pH value tested. Together, these findings suggest that the 
hydrogen ion concentration of the bacterial culture medium is 
not an important variable for control of atp gene expression in 
E. coli 



TABLE 4. Effect of medium pH on atpl-lacZ expression" 

p-Galactosidase activity (nmol of ONPG 



Medium pH hydrolyzed/min/mg of protein) 





+o 2 


-o 2 


5.7 


11,700 


ND 


6.0 


11,700 


ND 


6.3 


11,000 


13,800 


7.0 


11,300 


15,000 


7.5 


11,100 


15,800 



0 MC4100/KEK13 cells were grown in a glucose minimal medium adjusted to 
different pH values as previously described (4). ND, not determined. 
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TABLE 5. Effects of oxygen and mutations in the arzA,fhr,fis, and 
himA genes on atpl-lacZ expression 



Strain" 
(relevant genotype) 



p-Galactosidase activity 
(nmol of ONPG hydroryzed/ 
min/mg of protein) 

+o 2 -O 



MC4100 (wild type) 


11,300 


15,000 


SJP1 (AanA) 


10,800 


14,500 


PC2 (6fiir) 


10,500 


10,900 


SJP4 (bfis) 


15,000 


16,000 


SJP3 (AhimA) 


8,700 


12,400 



"Cells containing XEK13 were grown in a glucose minimal medium either 
aerobicalry or anaerobicalry as described in the text 



Effects of arcA and frtr mutations on atpl-lacZ expression. 
The regulation of many of genes in E. coli involved with aer- 
obic and anaerobic metabolism, including respiratory pathway 
genes, the TCA cycle genes, and fermentation-related genes, is 
modulated by the arcA and fnr gene products (8, 10, 12). We 
tested whether mutations in either of these two regulatory 
genes affect atpl-lacZ expression. Little to no difference was 
observed during either aerobic or anaerobic growth in a glu- 
cose minimal medium of fnr, fnr arcA, or arcA strains (Table 5). 
Similar results were observed when strains defective in the 
himA (encoding integration host factor) and fis genes were 
examined. 

Effect of cell growth rate on atpl-lacZ expression. When cells 
were grown in batch culture in different types of media, we 
noted that atpl-lacZ expression was higher in a minimal me- 
dium containing two-, three-, or four-carbon compounds than 
in a rich medium (Table 2). Cell growth rates were determined 
on each type of medium, and when the generation times were 
graphed versus the level of atpl-lacZ expression, an inversely 
proportional relationship was seen (Fig. 2). 

To determine if the variation in atp gene expression was due 
to the type of carbon used or to differences in cell growth rate, 
we also examined atpl-lacZ expression in cells grown in con- 
tinuous culture (Fig. 3). Expression also varied by threefold 
and was higher at slow (k = 0.12 h" 1 ) that at fast (k = 0.96 
h" 1 ) cell doubling times. Anaerobiosis had little effect on atp 
gene expression. Since cell growth in these experiments was 
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FIG. 2. Effect of cell growth rate on atpl-lacZ expression in batch culture. 
Cells were grown in the indicated medium, and the cell generation time (hours) 
was recorded. Medium or carbon compound used for cell growth: 1, LB phis 
pyruvate; 2, LB plus glucose; 3, LB; 4, glucose; 5, galactose; 6, xylose; 7, succi- 
nate; 8, malate; 9, glycerol; 10, fumarate; 11, pyruvate; 12, acetate. 
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FIG. 3. Effect of cell growth rate on atpl-lacZ expression in continuous cul- 
ture during aerobic and anaerobic growth conditions. Cells were grown at the 
indicated growth rates as described in Materials and Methods. For aerobic 
growth, air was maintained at 100% saturation in the culture medium throughout 
the experiment. For anaerobic growth, the vessel was sparged with Oj-free 
nitrogen (200 ml/min). p-Galactosidase activity is expressed as nanomoles of 
ONPG hydroryzed per minute per milligram of protein. Cells were grown aer- 
obicalry (O) or anaerobicalry (•) as described in Materials and Methods. 



carbon limited (i.e., by glucose), it appears that the rate of cell 
growth rather than the type of carbon used is the major deter- 
minant in controlling atp operon expression. In support of this 
proposal, Sakai-Tomita et al. (30) noted that the synthesis of 
the ATPase of Vibrio parahaemofyticus was catabolite re- 
pressed, whereas it was not in E. coli. 

Regulatory implications. During most conditions, the pro- 
ton-translocating ATPase of E. coli is used for cellular energy 
generation via electron transport-linked phosphorylation reac- 
tions, as is typical of the ATPases of many bacterial species and 
of eukaryotic cells (7, 32). Although there have been extensive 
studies addressing translation^ regulation of the atp operon 
that encodes the ATPase, little was known about how the atp 
genes are transcribed in response to cell growth under different 
environmental conditions. In this study, we demonstrate that 
atp operon expression, as measured by using atpl-lacZ fusions, 
remains within a remarkably narrow range regardless of the 
medium composition, extracellular pH, or the presence of re- 
spiratory substrates (Tables 2 and 3). Gene expression did not 
vary by more than threefold. Expression was highest in a me- 
dium containing carbon compounds that do not yield ATP by 
substrate-level phosphorylation (i.e,, TCA cycle intermediates 
or acetate), whereas it was lowest when a glucose-containing 
minimal medium or a rich medium (i.e., LB) was used. The 
reduced level of atpl and atpB gene expression under these 
latter conditions correlates with a reduced need for cellular 
ATP synthesis when the biosynthetic intermediates are avail- 
able from the LB medium. 

Since the ATPase complex is involved in proton transloca- 
tion across the cytoplasmic membrane, we were interested in 
determining whether any changes in external H + concentra- 
tion or anaerobiosis affected ATPase gene expression. No ef- 
fect on atpl expression when the medium pH was varied (Table 
5). It appears that transcription of the atp operon in E. coli is 
not dynamically modulated as a strategy to regulate ATPase 
capacity within the cell. Rather, the results suggest that the 
number of ATPase complexes remains relatively constant un- 
der different cell culture conditions that include anaerobic 
respiration or fermentation (Tables 2 and 3). The ATPase 
capacity of the cell is apparently sufficient to maintain the 
electrochemical proton gradient during changes in extracellu- 
lar pH encountered under different cell growth conditions. 
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Such conditions include those in which the cell must use the 
ATPase to hydrolyze ATP rather than synthesize it. Since atp 
operon expression .was modestly higher under anaerobic fer- 
mentative conditions, ATP hydrolysis does not require signif- 
icantly elevated levels of the ATPase complex. 

Gene expression in batch cell culture correlates well with atp 
expression occurring during continuous culture (Fig. 2 and 3). 
An inverse pattern of atp gene expression was observed with 
cell growth rate and was similar to the pattern observed for 
expression of the gUA (citrate synthase) and sdhCDAB (succi- 
nate dehydrogenase) genes of the TCA cycle (24-26). Expres- 
sion of the atp, sdhCDAB > mdh> and gltA genes was highest in 
a minimal medium when cells were grown on TCA cycle in- 
termediates or with acetate, in which case cells grew more 
slowly than they did in rich medium. The cells must expend 
more energy in order to synthesize cellular intermediates 
needed for macromolecule production. Since E. coli only mod- 
estly varies the level of atpIBEFHAGDC operon transcription, 
it will be of interest to determine whether other types of bac- 
teria regulate ATPase genes in a similar way. 
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Cloning and nucleotide sequence analysis of the Streptococcus mutans 
membrane-bound, proton-translocating ATPase operon. 

Smith AJ, Quivey RG Jr, Faustoferri RC 

Department of Dental Research, School of Medicine and Dentistry, University of Rochester, NY 
14642, USA. 

The function of the membrane-bound ATPase in S. mutans is to regulate cytoplasmic pH values 
for the purpose of maintaining delta pH. Previous studies have shown that as part of its acid- 
adaptive ability, S. mutans is able to increase H(+)-ATPase levels in response to acidification. As 
part of the study of ATPase regulation in S. mutans, we have cloned the ATPase operon and 
determined its genetic organization. The structural genes from S. mutans were found to be in the 
order: c, a, b, delta, alpha, gamma, beta, and epsilon; where c and a were reversed from the more 
typical bacterial organization. The operon contained no I gene homologue but was preceded by a 
239-bp intergenic space. Deduced aa sequences from open reading frames indicated that genes 
encoding homologues of glycogen phosphorylase and nonphosphorylating, NADP-dependent 
glyceraldehyde-3 -phosphate dehydrogenase flank the H(+)- ATPase operon, 5' and 3* respectively. 
Sequence analysis indicated the presence of three inverted-repeat nt sequences in the glgP-uncE 
intergenic space. Primer extension analysis of mRNAs prepared from batch-grown or steady-state 
cultures demonstrated that the transcriptional start site did not change as a function of culture pH 
value. The data suggest that potential stem-and-loop structures in the promoter region of the 
operon do not function to alter the starting position of ATPase-specific mRNA transcription. 
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Gene Structure of Enterococcus hirae {Streptococcus 
faecalis) F 1 F 0 -ATPase, Which Functions as a 
Regulator of Cytoplasmic pH 
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Enterococcus hirae (formerly Streptococcus faecalis) ATCC 9790 has an F 1 F 0 -ATPase which functions as a 
regulator of the cytoplasmic pH but does not synthesize ATP. We isolated four clones which contained genes 
for c, b, delta, and alpha subunits of this enzyme but not for other subunit genes. It was revealed that two 
specific regions (upstream of the c-subunit gene and downstream of the gamma-subunit gene) were lost at a 
specific site in the dones we isolated, suggesting that these regions were unstable in Escherichia coli. The deleted 
regions were amplified by polymerase chain reaction, and the nucleotide sequences of these regions were 
determined. The results showed that eight genes for a, c, b, delta, alpha, gamma, beta, and epsilon subunits 
were present in this order. Northern (RNA) blot analysis showed that these eight genes were transcribed to one 
mRNA. The i gene was not found in the upper region of the a-subunit gene. Instead of the i gene, this operon 
contained a long untranslated region (240 bp) whose G+C content was only 30%. There was no typical 
promoter sequence such as was proposed for E. coli, suggesting that the promoter structure of this species is 
different from that otE. coli. Deduced amino acid sequences suggested that E. hirae H + -ATPase is a typical 
F^o-type ATPase but that its gene structure is not identical to that of other bacterial F 1 F 0 -ATPases. 



The anaerobic bacteria enterococci (streptococci) have a 
unique proton-translocating ATPase (H* -ATPase) which 
does not synthesize ATP but regulates the cytoplasmic pH in 
this species (16, 17, 29). The cytoplasmic pH is regulated by 
proton extrusion via the H + -ATPase and by potassium influx 
via the specific transport system for this ion. The latter 
system is not absolutely necessary for pH regulation, but 
dissipation of the membrane potential generated by the 
former system is definitely required. In fact, maintenance of 
neutral cytoplasmic pH can be attained in the presence of 
valinomycin, which dissipates the membrane potential (28). 

Biosynthesis of H + -ATPase is stimulated at a low cyto- 
plasmic pH (2, 31). Data from our laboratory have shown 
that an elevated amount of H + -ATPase at a low pH is 
essential for maintaining neutral cytoplasmic pH (32, 49). 
Thus, it now appears that the primary factor for regulating 
cytoplasmic pH is the H + -ATPase in enterococci (strepto- 
cocci). Abrams and his coworkers (1, 3-5, 36) have shown 
that Enterococcus hirae (formerly Streptococcus faecalis) 
H + -ATPase is biochemically similar to an F^-ATPase of 
aerobic bacteria which synthesizes ATP coupled with the 
proton motive force. 

In this study, we examined the gene structure of this 
H + -ATPase with E. hirae ATCC 9790. The operon for E. 
hirae H + -ATPase contained eight genes for a, c, b, delta, 
alpha, gamma, beta, and epsilon subunits in that order, and 
the deduced amino acid sequences of E hirae H + -ATPase 
subunits had a high homology with those of other bacterial 
FjFo-ATPases. These results genetically support the fact 
that £. hirae H + -ATPase is a typical FjFo-ATPase. How- 
ever, the upper region of the a-subunit gene contained no 
open reading frame corresponding to the i gene. Instead of 
the i gene, there was a long untranslated region (240 bp). 



MATERIALS AND METHODS 

Strains and culture conditions. £. hirae ATCC 9790 was 
generously supplied by F. M. Harold, Colorado State Uni- 
versity, is. hirae was grown on either KTY or 2KTY (30) 
medium. Escherichia coli DH5a (46) and MV1190 (53) were 
grown on L broth without glucose (37). DK8 (26), which 
lacks H + -ATPase, was generously supplied by M. Futai, 
Osaka University. 

Western blot (immunoblot) analysis. Cells were treated 
with 5% trichloroacetic acid for 20 min in boiling water. 
Trichloroacetic acid was extracted with a mixture of ether 
and ethanol (1:1), and the samples were dissolved in a buffer 
containing 62.5 mM Tris-HCl (pH 6.8), 2% sodium dodecyl 
sulfate (SDS), 10% glycerol, 5% mercaptoethanol, and 
0.06% bromophenol blue. The resulting solution was heated 
for 5 min at 100°C. Polyacrylamide gel electrophoresis with 
1% SDS was carried out as described previously (35). 
Proteins separated in the gel were transferred to a nitrocel- 
lulose filter (Advantec Co., Tokyo, Japan), and the mem- 
brane filter was treated with antiserum against the F x portion 
of E, hirae ATPase for 2 h at room temperature in a mixture 
prepared as follows. E. coli DK8 was grown overnight in L 
broth containing 1% glucose and then was washed with 
buffer (10 mM Tris-HCl, 1 mM MgCl 2 , pH 7.5). The washed 
cells were suspended in the same buffer and then passed 
through a French pressure cell at 20,000 lb/in 2 . The E. coli 
rysate was added to Tris-saline buffer containing 3% bovine 
serum albumin at 0.1 mg/ml, and antiserum (50 u.g/ml) 
prepared as described previously (32) was added. The result- 
ing mixture was incubated for 2 h at 4°C before use. The 
staining was carried out by the addition of 0.035% H 2 0 2 in 
Tris-saline buffer containing 4-chloro-naphthol (0.3 mg/ml) 
and methanol (1%). 

Colony hybridization. Transformants of DH5a were grown 
overnight on a membrane filter (GeneScreen Plus; DuPont/ 
NEN Research Products) placed on an I^broth plate con- 
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taining ampicillin (50 u-g/ml) and then on another L plate 
containing ampicillin (50 p-g/ml) and chloramphenicol (25 
tig/ml). The membrane containing the colonies was treated 
first with 10% SDS for 3 min, then with 0.5 N NaOH-1.5 M 
NaCl for 3 min, and finally with 1 M ammonium acetate-0.02 
M NaOH for 3 min. The membrane was washed with 2x 
SSC (lx SSC consists of 0.15 M NaCl plus 0.015 M sodium 
citrate, pH 8.0) and then was incubated in buffer containing 
75 mM sodium citrate, 50 mM NaH 2 P0 4 , 750 mM NaQ, 1% 
SDS, 50% formamide, and denatured salmon sperm DNA 
(100 (xg/ml), pH 7.5, for 2 h at 42°C. After the probe (5 ng/ml; 

4 x 10 6 cpm/ml) was added, hybridization was carried out 
for 12 h at 42°C. The probe was prepared by a random 
primed DNA-labeling method (12) with [a- 35 S]dATP. The 
membrane was finally washed four times with 2x SSC for 30 
min per wash. 

Southern hybridization* Chromosomal DNA and plasmids 
were digested with endonuclease and separated by 0.7% agar 
gel electrophoresis with TBE buffer (46). After DNA frag- 
ments were transferred to a filter (GeneScreen Plus), hybrid- 
ization was carried out by the addition of oligonucleotide (2 
ng/ml; 4 x 10 7 cpm/ml) as described above. Oligonucleotides 
were synthesized chemically and labeled with [-y- 32 P]ATP by 
T 4 polynucleotide kinase. 

Determination of nucleotide sequence. The nucleotide se- 
quence was determined by the dideoxy nucleotide chain 
termination method (47) using Sequenase (version 2.0; 
United States Biochemical Corp.) and [ct- 3 *S]dATP (7). 
DNA fragments were subcloned into either pUC118 or 
pUC119 (53). The subcloned fragments were partially de- 
leted with exonuclease III and mung bean nuclease (20). 
Single DNA strands were prepared by using MV1190 and 
M13K07 as described previously (53). Universal and custom 
primers were used for the sequencing. The regions which 
were lost in the clones were amplified by polymerase chain 
reaction (PCR) as described previously (11) except that Tth 
polymerase (Toyobo, Osaka, Japan) was used, and nucleo- 
tide sequences were determined directly by using custom 
primers. 

Extraction of mRNA from E. hirae. mRNA was extracted 
from E. hirae as described previously (48) with the following 
modifications. The killing buffer containing 20 mM Tris-HQ, 

5 mM MgQ 2 , and 20 mM sodium azide, pH 7.3, was frozen 
and then crushed with an ice pick without being melted. £. 
hirae was grown on 100 ml of 2KTY medium, pH 8.0. The 
culture medium was rapidly mixed with 100 ml of the frozen 
crushed killing buffer when the A S40 of the culture medium 
was 0.4 to 0.5. The mixture was centrifuged at 6,000 x g for 
5 min, and the pellet was suspended in 8 ml of sucrose buffer 
(50 mM Tris-HQ, 25% sucrose, pH 8.0). Achromopeptidase 
(0.63 mg/ml) and EDTA (0.3 mM) were added, and the 
mixture was centrifuged at 4,000 x g for 5 min. The pellet 
was suspended in 1.5 ml of lysis buffer (20 mM Tris-HQ, 3 
mM EDTA, 0.2 M NaCl, pH 8.0). The suspension was then 
mixed with 1.5 mM of lysis buffer containing 1% SDS which 
had been preheated to 95°C. After the mixture was shaken 
for 1 min in a hot water bath at 95°C, 3 ml of hot phenol was 
added, and the mixture was agitated in a water bath at 65°C 
for 3 min. After centrifugation at 2,000 x g for 5 min, the 
suspension was treated with phenol twice and ether four 
times. RNA precipitated with 0.1 volume of 3 M sodium 
acetate and 2.5 volumes of ethanol was dissolved in steril- 
ized H 2 0. 

Other procedures* The alignment of amino acid sequences 
was performed according to the program of D. J. Lipman et 
al. (38) adapted to an NEC computer; the operating system 
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FIG. 1. Physical maps of isolated clones and proposed gene 
structure of the E. hirae H + -ATPase operon. a, c, b, 8, a, 7, p, and 
e indicate the ATPase subunits encoded in the genes. 19k indicates 
the gene for an unknown 19-kDa protein. The nucleotide sequences 
of the shadowed regions were determined with the fragments of 
chromosomal DNA amplified by PCR, and the rest of the H + - 
ATPase operon was sequenced by using the isolated clones. Dotted 
lines represent the deleted regions of isolated plasmids. The pro- 
posed transcript is represented by the lower line. Restriction en- 
zymes: B, Bglli; E, EcoKI; K, Kpnl; X, Xbal. 



was an MS-DOS. The cost file for the alignment used was 
PAM250 (38). Chromosomal DNA was prepared as de- 
scribed previously (13). Northern (RNA) blot analysis, 
primer extension analysis, and SI mapping were carried out 
as described previously (46). The protein concentration was 
determined as described elsewhere (39). 

Chemicals. [a- 35 S]dATP, [a- 32 P]dCTP, and fr- 32 P]ATP 
were purchased from either DuPont/NEN Research Prod- 
ucts or ICN Biomedicals, Inc. Other reagents used were of 
analytical grade. 

Nucleotide sequence accession number* The nucleotide 
sequence data reported in this article have been deposited 
with GenBank under accession number M90060. 

RESULTS 

Cloning of H + -ATPase genes. Chromosomal DNA was 
partially digested with endonuclease 5<zu3AI, and 5- to 
15-kbp fragments were isolated from a 0.7% agar plate after 
gel electrophoresis. The fragments were ligated with vector 
pUC9 (52) cut by BamHl after the vector was treated with 
alkaline phosphatase. E. coli DH5a was transformed. 

The clone containing genes for the H + -ATPase was iso- 
lated by Western blot analysis as follows. Twenty to 30 
transformants were mixed and cultured in the same tube. 
After cells were incubated with isopropyl-p-D-thiogalacto- 
pyranoside for 2 h in the culture medium, they were col- 
lected by centrifugation at 6,000 x g for 5 min, and Western 
blot analysis was carried out with the resulting pellet. One of 
about 40 samples was positive: the product of that sample 
reacted with antiserum against E. hirae -ATPase. All 
transformants in the positive sample were again checked 
separately by Western blot analysis, and we isolated a clone, 
designated pCSl, which produced the alpha subunit of 
enterococcal ATPase. 

We next isolated other clones, designated pCS4, pCS5, 
and pCS6, by colony hybridization with the Kpnl-EcoKl 
fragment of pCSl (Fig. 1) as a probe. 

Nucleotide sequence of pCSl. The nucleotide sequence of 
pCSl was determined in both directions. The deduced amino 
acid sequence of the open reading frame indicated by c in 
Fig. 1 was identical to the sequence of the c subunit obtained 
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TABLE 1. Molecular weights of & hirae H + -ATPase subunits 
No. of: Mol wt 



Nucleotides ^£5* Sequence" SDS-PAGE* 



a 


717 


239 


27,461 


27,000 


b 


522 


174 


19,391 


15,000 
6,000 


c 


213 


71 


7,294 


Alpha 


1,554 


518 


56,548 


55,000 


Beta 


1,404 


468 


51,030 


50,000 


Gamma 


900 


300 


33,049 


35,000 


Delta 


540 


180 


20,698 


20,000 


Epsilon 


420 


140 


15,606 


12,000 



* As calculated from deduced amino acid sequences. 
b As obtained from SDS-polyacrylamidc gel electrophoresis (PAGE) (taken 
from references 3 and 36). 



by the Edman degradation method (34) except for one 
residue at position 31, which was serine in our data but was 
glycine according to previous data (34). We therefore con- 
cluded that the frame was the gene for the c subunit. 

Our criteria for identifying the genes for the other subunits 
were based on their having homology to the same genes of 
other bacterial ATPases. We assumed that the gene begins 
with either TTG or ATG and ends with universal termination 
codons, because it has been proposed that the genes for a 
and gamma subunits in Bacillus megaterium begin with TTG 
(8). Based on these criteria, the c-, b-, delta-, and alpha- 
subunit genes were identified in pCSl. The molecular 
weights of c, b, delta, and alpha subunits calculated from the 
deduced amino acid sequences were close to the values 
proposed previously (3, 36; Table 1). These data strongly 
suggest that the genes located in pCSl encode E. hirae 
H -ATPase subunits. 

Deletion of chromosomal DNA at specific sites in isolated 
clones. We determined the nucleotide sequence to be about 
1.75 kbp upstream of the c-subunit gene (Fig. 1), but the 
region contained no open reading frame which corresponded 
to the a-subunit gene. Previous data (36) have shown that 
enterococcal H + -ATPase contains the eight subunits alpha, 
beta, gamma, delta, epsilon, a, b, and c. 

In order to clarify this discrepancy, Southern blot analysis 
was carried out with probe 1 (24 bp; Fig. 1). The sizes of the 
EcoKL, Aba I, and BgUl fragments of chromosomal DNA 
were not identical to those of the isolated clone pCSl (data 
not shown), suggesting that a part of chromosomal DNA 
(over 4 kbp) was lost during the isolation of pCSl and that 
the deletion site was between the initiation site of the 
c-subunit gene and thsXbal site upstream of the gene. 

The clones pCS4 and p€S5 also each contained the upper 
region of the c-subunit gene (Fig. 1), and their physical maps 
were identical to that of pCSl. It is of interest that the 
nucleotide sequence of this region was exactly the same in 
the plasmids pCSl, pCS4, and p€S5, suggesting that the 
deletion was at a specific site. 

The clone pCS6 covered the down region of pCSl (Fig. 1) 
and contained the open reading frame in the down region of 
the alpha-subunit gene. The molecular weight calculated 
from the deduced amino acid sequence of this frame was 
24,267, a much smaller value than that of the gamma subunit 
obtained previously by SDS-poryacrylamide gel electropho- 
resis (Table 1). However, the deduced amino acid sequence 
of this frame was similar to that of the amino- terminal region 
of the gamma subunit of B. megaterium ATPase (8), and the 
deduced amino acid sequences of the two bacteria had 45.8% 



identical residues. The clone pCS6 contained two other open 
reading frames, but their amino acid sequences were quite 
different from those of the beta and epsilon subunits of other 
bacterial H + -ATPases. These data again suggest the loss of 
genes downstream of the carboxyl terminal of the gamma 
subunit. This suggestion was confirmed by Southern blot 
analysis carried out using probe 2 (24 bp; Fig. 1), and the size 
of the deleted region was shown to be >4 kbp. 

Nucleotide sequences of the deleted regions. The nucleotide 
sequence of the deleted region was determined by PCR with 
a "walking" technique. To confirm the determined nucleo- 
tide sequence, several fragments (1,500 to 2,000 bp) were 
produced by PCR with chromosomal DNA as a template, 
and their nucleotide sequences were determined again in 
both directions. 

The results showed that genes for a, gamma, beta, and 
epsilon subunits were located in the deleted regions (Fig. 1). 
The a-subunit gene was thought to start at the TTG codon 
instead of at the ATG codon (Fig. 2). The reasons for this 
assumption were, first, that the molecular weight calculated 
from the deduced amino acid was 27,461 (Table 1), while the 
value was 25,169 if it was assumed that the ATG codon 
(nucleotide 901 in Fig. 2) was the first codon. The molecular 
weight obtained from gel electrophoresis was 27,000 (Table 
1). Second, the a-subunit gene also started at the TTG codon 
in B, megaterium ATPase (8). 

The molecular weights of these subunits calculated by 
deduced amino sequences were identical to the values 
obtained by electrophoresis (Table 1). Only the molecular 
weight of the gamma subunit, for some unknown reason, 
was lower than the value obtained by electrophoresis (Table 

i). 

The order of genes for E. hirae ATPase was the same as 
that for other bacterial FjFq ATPases (Fig. 1). There was a 
long noncoding region (209 bp) between the c- and b-subunit 
genes (Fig. 2). Fourteen base pairs overlapped in the b- and 
delta-subunit genes, and there was a palindromic sequence 
in this region (Fig. 2). 

Comparison of amino add sequences in ATPases of entero- 
cocd and other species. The deduced amino acid sequences 
ofE, hirae ATPase subunits showed homology with those of 
FiFo-type ATPases of other bacteria (Table 2). The homol- 
ogy was especially high between £. hirae and B. megaterium 
ATPases (Table 2). The amino acid sequences of alpha and 
beta subunits were greatly conserved in comparison with 
sequences of the other subunits. A part of the deduced 
amino acid sequence of the beta subunit of Streptococcus 
sobrinus (173 amino acids) has been reported (45), and the 
amino acids of that portion are 95% identical to those of our 
sequence. These data suggest that E. hirae H + -ATPase is a 
typical FtFo type of ATPase, although its function is quite 
different from ATP synthesis. 

B. hirae ATPase operon does not contain the i gene. We 
determined the nucleotide sequence of 2 kbp upstream of the 
a-subunit gene by using the PCR product. TTiere was an open 
reading frame, designated the 19k gene, in the upper region 
of the a-subunit gene (Fig. 1 and 2). The 19k gene contained 
163 deduced amino acids, and its molecular weight was 
18,859. The deduced amino acid sequence of this 19k gene 
was quite different from that of the i gene product of other 
bacteria; homology was less than 20%. The content of 
hydrophobic amino acids was less than 40%, and the hydr- 
opathy profile suggested that the 19k protein was a hydro- 
philic protein. 

The region between the 19k gene and the a-subunit gene 
contained 300 bp (Fig. 2). The longest open reading frame in 



1 ttttataagggaattaagaagaaaaagaaaaaataaccaataaccactatgaat ito 

MMT3LBBCHMPIGDGKL I A Q N K X A 
1BX protein 



121 CGCCATGATTATTCGATTATCGATA&iATGGAAGCAGGAATGGTGCTGCAAGGAACAGAAATCAAATCGATCCGAAACa^ 240 
BHDYS! I DTMBAGNVLQGTBI XS I R N S B I NLKDGFYRt R N 

241 GGTGAACCATTTTTGCATMTGTTCATATCAGTCCCTATGAACAAGGCAATATTTTTAACCATGATCCGT^ 360 
GEAPLHNVHISPYBQGNIPNHD PLBTRXLLLHRXQt3BLB 

361 ACTGAAACAAAAA ATACCGGGGTCACG ATCGT ACCCTTAAAAG AATAT ATTCGTG ATGGGT ATGC^ 480 
TETKNTGVTIVPLKBYIBDGYAKVLIGLAXGKKSYDXBED 

481 CTAAAACGAAAAGATGTGGaTCGTCAAATTGATCGAACATTAAAAAATTTCTCT^ 600 
LXRKDVDRQ1 ORTLXNFSR Stop 



601 AGCATTTAATCTOATAAAGCATGATATCACAOCTTTTTTCTTCTAAAACGCCACGA 72 0 

72 1 GTTTTGAATTTTCTGTTTCATQGTOGTATGATACCGTTTGGTTAGAAAACGAT/T^ 840 

» ±5 * 

84 1 TTGGATGAACGCTCCCTAACGTTCCATATTGCACCGGTTTGGTTTGATGGT ACTGTTTGTATGATGGTGTT ATTGACCTGTTTCATTGTCTTCTTCTTAGTTTACTTCTTTACAAGAAAT 960 
MDERSLTPH I GPVWPDOTVCMMVLLTCLI VFFLVYFFTRN 
« subunl t 



9 6 1 CTTAAGATGAAACCAACGGGGAAACAAAATGCGCTGGAAT4GGTCATTGACTTTACCCGAGGGATCGTAACAGATAATCTGCCT 1080 
LKNKPTGKQNALEWV I DFTRG I VTDNLPRKELNNFHLLAF 



1 801 CCTTG ATTCT AGTCTTTGCTGTTT A AT CA ATTA ACTGTTTG AGG AT AGGACY ACTGTCACTA ATCCTCTTTTMTTGTC AAA A ACTGA A A A A AAAC A ACCT G ATTATTTTC AAAAT A ATT 1 92 0 
L I L V F A V stop 
c aubuoi t 

1921 GAGrrGTITCATCATAATACTAGAACAAAACCCGTTGAGGAGGCTGTTTCAATCATTGAAGTCAGGAITCCTTCATCATCCATGAGATACACCTTAA 2 040 

M L 
b aabunl t 

.2041 GAATCAATTGaCAATTO£AOAAGTTQCTAATCCGATCTTAGGTAATATCATCG^ 2160 
NQLA I AEYGNPMLGNI t YYSGSPLI LNFLLKHFAVGPI 3D 



2401 AGAACCrGATACAGCTTTAAACTCTGTAAAAGATGATGTAGCAGATCTTrCTCTTCAAATCGCGGCTAAAATCTTGAACAAAGAATTGTCTCCAGAAATGCAT 2 620 

BRDTALNSVKDDVADLSLQIAAXILNXBLSPBMHBSLINQ 
b sttbani t 

2521 ATATATCGAAGGTCTAGGTTCTTCAAATGAAACTAGATAAATATACTGTCGGCAGACGCTACXIGTAAAGCACTATTTGAACTGGCGATCGATTCAAATAGCGC^ 2640 

Yl EGLGSSNBTR atop ► < 

MKL.DKYTVGBRYGKALF8LA I DSNS ABB1 YQB 
del U subunl t 

2641 AATT ACTAAGCTTACGCCAAATCT AT AGTG A AAT ACCTGGATT AGGCA ACGTACT/TAGTGACGTCCGCTT AGAACCTC ACGA AAA AC GA ATC ATT ATGGAT A AACTTGTCAGTGGGTTTG 2760 
LLSLRQ I YSBI FGLONV LSDVRLBPHEKB I 1 MDKLVSGPD 



732 1 AGAGCCAAACAaCGTGCTGAGCGACAAATCGCAGAAOCAAAAGAAAAACAAGATACGAATGAATTGAaACGTOCGACAGTTGCTTTGCATCGT 7440 
BAKQRABBQ I AEAKBXBDTNELXRATVALHRA I N B I KVSX 
epillon sabanl t 

7441 CATTCTT AAAAGCA ACGAATG AGGACCT A ACAAGT AOGCCTTT AAAAATCCA AGATTCTT AAGG AG AT/TC^ ATCGTTTTrTTTTATTGCT AGTTAT ATTC 7660 

H 3 atop > < > 4 

7561 T AAAC AT AA AAAGT A A AGAAC A ATTACTTCTTT ATT ACAT A AAAAT ATGGAACTTTC ATC ATT ATGAT ACT ATGGT A AACT A ATTGC ACT A AAA AAGGAGGT ATTAT AATGCCGA AAA AO 7680 

N P X X 
ORF 

FIG. 2. Part of the nucleotide sequence of the H + -ATPase operon. The transcriptional initiation site is indicated by the asterisk at position 
601. The Pribnow box-like sequence is represented by the double lines. The upper arrows represent the primers used. Palindromic sequences 
are represented by the lower arrows. ORF indicates the open reading frame located in the downstream region of the H + -ATPase operon. 
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TABLE 2. Homology of deduced amino acid sequences in ATPases of enterococci, B. megaterium, and £. coif 



Species 








% Homology in subunit: 








a 


b 


c 


Alpha Beta 


Gamma 


Delta 


Epsikra 


B. megaterium 
E. coli 


45.1 
32.5 


34.7 
21.2 


59.6 
41.3 


75.1 76.4 

52.2 66.2 


54.0 
32.0 


23.8 
25.2 


44.5 
25.8 



° Amino acid sequences of £. hirae subunits and corresponding subunits of other bacterial ATPases were aligned as described in Materials and Methods, and 
homology was calculated by the following equation: [(no. of identical residues x 2)/(no. of residues of A + no. of residues of B)] x J 00. 



this region consisted of 69 bp whose molecular weight as 
calculated from the deduced amino acid sequence was 2,912. 
We therefore concluded that the operon for E. hirae H + - 
ATPase does not contain the i gene. 

Transcriptional initiation site. The chromosomal DNA was 
amplified by PCR using 5'- 32 P-labeled primer 210 (position 
956, Fig. 2) and primer 274 (position 147, Fig. 2), and the 
resulting product was used for SI mapping analysis. The 
main spot was located approximately 300 bp upstream of 
primer 210. The major spot obtained by primer extension 
analysis was located at the same position when primer 210 
was used. To determine the position precisely, we next used 
primer 220 (position 646, Fig. 2) for primer extension anal- 
ysis and the PCR product of chromosomal DNA amplified 
with primers 220 and 274 for SI mapping. The data suggested 
that the transcriptional initiation site is A, located 240 bp 
upstream of the a-subunit gene (Fig. 2 and 3). This result 
supports our conclusion that the H + -ATPase operon does 
not contain the i gene. Hie size of the mRNA was deter- 
mined by Northern blot analysis, which revealed the mRNA 




FIG. 3. Determination of transcriptional initiation site. Primer 
extension analysis (A) was carried out using primer 220 (Fig. 2) 
labeled by [t 35 PJATP as described in Materials and Methods. The 
fragment of chromosomal DNA was amplified by PCR with primers 
220 and 274 (Fig. 2), and SI mapping (B) was carried out as 
described in Materials and Methods. The spot indicated by arrows is 
marked with an asterisk. 



to be approximately 7 kb (Fig. 4), suggesting that the eight 
subunit genes are transcribed to one mRNA. 

Promoter sequence. There was a sequence of TAAAAT 
upstream of the transcriptional initiation she (Fig. 2) which 
was similar to the -10 region of the promoter suggested for 
E. coli. However, the typical -35 region was not found in 
this region. The noncoding region between the 19k gene and 
the a-subunit gene consisted of 70% A and T. Therefore, 
there were many Pribnow box-like sequences in the noncod- 
ing region downstream of the transcriptional initiation site. 
These results indicate that the promoter structure of the E. 
hirae gene is different from that of the E. coli gene. 

There are several palindromic sequences in the 5' untrans- 
lated region (Fig. 2). Since E. hirae H + -ATPase is inducible 
at a low pH (2, 31, 32), the palindromic sequences may be 
involved in the regulation of gene expression by cytoplasmic 
pH. 

End of the mRNA of this operon. There was a noncoding 
region of 219 bp between the epsilon-subunit gene and the 
next open reading frame (Fig. 2). Two palindromic se- 
quences, one small and one large, were found in this 
noncoding region (Fig. 2). At the end of the large palindro- 
mic sequence was a T-rich sequence that was similar to the 
transcriptional termination signal sequence proposed for E. 
coU (44). 

We tried to determine the end of the mRNA by SI 
mapping with the PCR product as a probe. However, we 
obtained multiple spots, perhaps because of the heterogene- 
ity of the 3' ends of the PCR products we used. Since these 
multiple spots were located before the palindromic sequence 
downstream of the epsilon-subunit gene, the E. hirae signal 
for the transcriptional termination may be different from that 



Kb 



2,9 23S rRNA 
1.6 16S rRNA 



FIG. 4. Northern blot analysis. mRNA was extracted from £. 
hirae, and Northern blot analysis was carried out as described in 
Materials and Methods. The DNA fragment of chromosomal DNA 
containing the c-subunit gene and a part of the alpha-subunit gene 
was produced by PCR and labeled with a multip rime labeling kit 
(Amersham International pic.) using [ct- 32 P]dCTP. 
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of E. coli. In the case of E. coli, it has been proposed that the 
rho factor-independent termination occurs at the T-rich 
region located at the end of the palindromic sequence (44). 



DISCUSSION 

The operon for E. hirae H + -ATPase contained eight genes 
in the subunit order a, c, b, delta, alpha, gamma, beta, and 
epsilon. The deduced amino acid sequences of these sub- 
units have a high homology with those of other F 1 F 0 - 
ATPases. In particular, over 70% of the residues of the alpha 
and beta subunits in E. hirae are identical to those of the 
subunits in the gram-positive bacterium B. megaterium. 

Our present data are in good agreement with the previous 
proposal by Abrams and his coworkers (1, 3-5, 36) that E. 
hirae H + -ATPase is a typical F^-ATPase. However, its 
function is quite different from those of other F 1 F 0 -ATPases 
(16, 17, 29). Thus, it appears that FiFo-ATPase has dual 
functions: one is to synthesize ATP coupled with the respi- 
ratory chain in organisms containing this chain, and the 
other is to act as a pH regulator in microorganisms without 
the respiratory chain. 

The FjFo-ATPase operons of other bacteria contain the i 
gene as a first structure gene. However, the first gene of the 
E. hirae H + -ATPase operon is the a-subunit gene rather than 
the i gene. It remains an open question as to why the 
FiFo-ATPase operons of most bacteria contain the i gene, 
and the function of this gene is also still unknown. E. hirae 
H + -ATPase can synthesize ATP when the proton motive 
force is imposed artificially (9, 40, 41, 51). These data may 
suggest that the product of the i gene is not required for 
either enzyme assembly or enzyme function. However, the 
possibility does remain that the i gene is located outside of 
the H + -ATPase operon. 

It is of interest that mRNA of the operon contains a long 
noncoding region upstream of the a subunit gene. There are 
several palindromic sequences in this region (Fig. 2), and the 
region may be related to the regulation of gene expression of 
E. hirae H + -ATPase. Nakayama et al. (43) recently reported 
that the gene for pheromone-inducible protein has a palin- 
dromic sequence upstream of the reading frame. Since 
H + -ATPase is inducible at a low pH, the palindromic 
sequence could be involved in the regulation of gene expres- 
sion by the cytoplasmic pH. The method for mRNA prepa- 
ration from & hirae has already been established (48), but its 
yield was very low when cells were growing at a low 
cytoplasmic pH. Therefore, it is not known whether the 
amount of mRNA of the H + -ATPase operon is increased at 
a low pH or not. New methods for mRNA preparation will 
need to be developed in order to perform further analyses of 
the gene expression. 

There is another palindromic sequence at the downstream 
region of the gene cluster for F 0 subunits (Fig. 2). The 
mutant in which the synthesis of the F 0 portion is not 
coupled with that of the F l portion has been isolated (50), 
and therefore this palindromic sequence may be related to 
the regulation of gene expression of this operon. 

The A+T contents of enterococci (streptococci) are very 
high (42). In particular, the A+T contents of noncoding 
regions are as high as 70%. Therefore, there are many 
Pribnow box-like sequences. However, there is no typical 
promoter sequence in front of the transcriptional initiation 
site such as has been proposed for E. coli. Our present 
results suggest that the promoter sequence of E. hirae is 
different from that of E. coli. In this regard, the difference in 



the promoter sequences of Streptococcus pneumoniae and 
E. coli has recently been discussed (10). 

Our present data also suggest that the transcriptional 
termination signal is different from that oiE. colL This may 
be related to the fact that E. hirae contains a large amount of 
A+T, with the region between the epsilon-subunit gene and 
the next open reading frame containing 74% A+T. 

Our findings indicated that some parts of chromosomal 
DNA may be unstable in E. coli. We tried to isolate clones of 
the deleted regions by using the fragment amplified by PCR, 
but this was not successful. It has been observed that the 
introduction of the a-subunit gene of £. coli H + -ATPase into 
£. coli is lethal (24). These regions of £. hirae may also be 
harmful for £. coli. However, the region around the beta 
subunit of £. coli is not toxic. The deletion of £. hirae 
chromosomal DNA was often observed when the DNA was 
inserted into a cloning vector and transformed £. coli 
(unpublished observation). Furthermore, the nucleotide se- 
quence of the upper region of the c-subunit gene was the 
same in all the clones isolated independently, suggesting a 
site-specific deletion. Thus, many genes of £. hirae seem to 
be harmful for £. coli, and £. coli may possess some 
system(s) to remove these genes at specific sites. A common 
sequence was not found in the two regions which were lost 
in the present study. Further analysis will be required to 
resolve this problem. 

Our present data support the concept that £. hirae H + - 
ATPase is evolutionariry close to that of the gram-positive 
bacterium B. megaterium. However, only the enterococcal 
operon has no i gene. The energy metabolism of enterococci 
is different from that of other bacteria; £. hirae has no 
respiratory chain. It now appears that £. hirae H + -ATPase 
extrudes protons and that the physiological role of this 
proton extrusion is to maintain a neutral cytoplasmic pH (17, 
28-32, 49). Hence, the activity of proton extrusion is negli- 
gible in neutral and alkaline environments; the proton motive 
force is generated only at a low pH (28). This unique 
metabolism may be related to the lack of the i gene. 

£. hirae has many cation transport systems which are 
driven by ATP rather than by the proton motive force (6, 18, 
19, 21-23, 25, 27, 33), while cation transport systems are 
mainly driven by the proton motive force in bacteria with the 
respiratory chain (15). Eukaryotes have cation transport 
ATPases, sodium/potassium ATPase, calcium ATPase, etc. 
Similarities between £. hirae ion-translocating ATPases and 
eukaryotic ATPases have been suggested before (14, 21). 
Our data support the idea that E. hirae is phylogenetically 
close to eubacteria but not to eukaryotes. It can be assumed 
that £. hirae lost its respiratory chain after it separated from 
other gram-positive bacteria. Thus, we suppose that similar 
cation-translocating ATPases evolved independently in eu- 
karyotes and enterococci after a powerful system for proton 
extrusion was lost. 
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SUMMARY 

The DNA encoding the subunits of the ATP synthase (FjFJ of Streptomyces lividans 66 strain 1326 was identified 
using oligodeoxyribonucleotide probes derived from the N-terminal sequence of subunit y of the Fj complex. The 
complete nucleotide sequence of the operon was determined. The atp operon contains nine genes, atpIBEFHAGDC,* 
encoding the eight structural components of the ATP synthase complex and the i protein, a polypeptide of unknown 
function. The gene order found is identical to that in other non-photosynthetic eubacteria. The determination of the 
N-terminal amino acid (aa) sequences of the F t subunits a, p, y, 8 and e allowed us to identify the translational start 
points and to define the primary structures of the proteins. The aa sequence deduced for subunit 8 revealed an N-terminal 
extension of about 90 aa, which is not present in any 6 subunit or OSCP (oligomycin sensitivity-conferral protein) of 
other species studied so far. The phylogenetic relationship of eu- and archacbacteria was investigated using sequencing 
data of the highly conserved P subunit of different ATP synthases including that of S, lividans. The calculations revealed 
that S. lividans p does not form a phylogenetic group together with the Gram + taxa of low G + C contents, but is more 
closely related to the p subunit of Rhodo bacteria. 



INTRODUCTION 

Unique features like the production of secondary 
metabolites and the distinct life cycle gave rise to the 
investigation of biochemical pathways of Strep torn ycetes. 
Although many pathways for the biosynthesis of antibiot- 
ics have already been established, the knowledge about 
the primary metabolism, and its conjunction to second- 
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ary metabolism or events in the life cycle is still limited. 
The ATP synthase (FjFJ is a key enzyme in energy trans- 
duction in all kingdoms of life and has, therefore, been 
well characterized in a variety of species, thus offering 
the possibility of detailed comparative studies. The 
enzyme is composed of a water-soluble, catalytic F t 
moiety, and a membrane-integrated, ion-translocating F D 
moiety (Senior, 1990; Fillingame, 1990). As a first step 

Abbreviations: aa, amino acid(s); bp, base pair(s); DIG, digoxigenin; 
GCG, Genetics Computer Group (Madison, WI, USA); kb, kilobasc(s) 
or 1000 bp; nt, nucleotide (s); oligo, oligodeoxyribonucleotide; 
ORF, open reading frame; OSCP, oligomycin sensitivity-conferral 
protein; PA, polyacrylamide; PVDF, polyvinyllidene difluoride; 
/?., Rhodospirillum; RBS, ribosome-binding site; S. % Streptomyces; 
SLFjFo, ATT synthase of 5. lividans; SLF U F, complex of 5. lividans 
ATP synthase. 
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we set out to characterize the F, portion of the ATP 
synthase or Strepromyces lividans (SLF,) and compared 
its properties to the well-established counterpart of 
Escherichia coli (Hensel et al., 1991). Furthermore, 
the properties of the membrane-bound ATP synthase 
(SLF,F Q ) were studied in detail followed by its isolation 
and reconstitution. The ATP-hydrolyzing activity of the 
membrane-bound ATP synthase of S. lividans revealed 
oligomycin sensitivity, a feature only shared by the ATP 
synthases of Rhodobacteria and mitochondria. 
Furthermore, the effects of divalent cations on the enzyme 
activity resemble that of the ATP synthases of 
Rhodospirilhim ruhrum and Bacillus spp. (M.H.. H. 
Bernsau, G.D.-H. and K.A., data not shown). These dis- 
tinct features merit further detailed analysis of the ATP 
synthase of Streptomycetes. 



RESULTS AND DISCUSSION 

(a) Cloning and sequencing of the atp operon of 5. lividans 
The individual subunits a, (5, y, 5 and e of the SLF| 
complex were isolated, transferred onto a PVDF mem- 
brane, and subjected to automated N-terminal sequen- 
cing (Table I). As expected, in each case the N-terminal 
iV-formylMet residue was removed, since small aa, like 
Ala, Ser, Gly or Thr, are known to favour cleavage of 
the initiator Met (Flinta et al, 1986). The oligos MH008 
(5'-GGIGCICAICTICGIGTSTACAAG) and MH012 
(5'-CTTGTASACICGIAGITGlGCICC) (where S = G or 
C) were deduced from the N-terminal aa 1 to 8 of subunit 
Y of SL.Fi taking into consideration the specific codon 

TABLE 1 

N-terminal aa sequences of the Fj subunits of the S. lividans ATP 
synthase" 



Subunit N-terminal aa sequence 



a AELTlRPEEIRDALbNFVQXYK 

(3 TTTV ETATATG RVA 

7 GAQLRVYKRRIRXV 

fi SGMHGASREALAAARERLDA 

g AAELHVALVAADR 



* The SLF, complex was isolated as described previously (Hensel ct al., 
1991) and separated on 13% PA/0.3% SDS gels in the presence of 6 M 
urea (Schagger and von Jagow. 1987). Bands corresponding to subunits 
a and y were excised, clcctroelutcd and transferred onto PVDF mem- 
branes (0.45 Jim; Milliporc, Eschborn, Germany) according to Sheer 
(1990). Subunits p. 8 and c were electrophoretically transferred onto 
membranes according to Dunn (1986) using a carbonate buffer system 
(lOmM NaHC0 3 /3mM Na : C0 3 pH 9.9/20% (v/v) methanol). 
The N-terminal aa sequences of SLF, subunits were determined on 
o 473A sequencer (Applied Biosystems, Weiterstadt, Germany) with 
pulsed liquid phase chemistry using a modified siandard cycle 
(R.S., unpublished). 



usage of Streptomycetes (Wada ct al., 1992). These probes 
hybridized to a chromosomal Pst\ fragment of about 
2.2 kb (data not shown) which was cloned to yield plas- 
mid p3ID8 (see Fig. IB). The use of this Pstl insert as 
hybridization probe allowed the selection of clones con- 
taining atp genes from a genomic DNA library of S. livi- 
dans constructed in XCharon35 (Bctzlcr et al., 1987). Of 
about 20000 recombinant phages screened by plaque 
hybridization, 1 9 positive clones could be identified and 
clone X102 was selected for further analyses (see Fig. IB). 
Kpnl fragments of the insert of clone X102 of about 3.9, 
3.2 and 2.2 kb were subcloned to yield plasmids pClOO, 
pC200 and pC3CKX respectively. A vector portion of 
?,Charon35 present in pC300, was excised to obtain 
pC320 (compare Fig. IB). Sequence analysis revealed 
that the insert of clone k\02 contained the genes 
atpI'BEFHAGDC (Fig. 1A,B). The 5' end of atpl, as well 
as the promoter sequence of the arp operon were missing. 
Since a clone containing this region could not be selected 
from the XCharon35 library the BamHi-KpnX insert of 
pC320 was used as a probe for hybridization to the Kpnl 
digest of S. lividans 66 chromosomal DNA. Hybridizing 
fragments of about 5.2 kb were cloned, and sequencing 
of a subcloned Sal\-Kpn\ fragment (pF450) allowed com- 
pletion of the sequence of the 5' region of the atp operon. 

(b) Structure of the atp operon of S, lividans 

The determination of the nt sequence of the atp operon 
revealed that the genes encoding the ATP synthase arc 
organized in one operon {atplBEFHAGDC) (Figs. 1A 
and 2), comparable to atp operons of other non- 
photosynthctic bacteria. Codon preference analysis 
revealed a very high third position G + C bias of protein- 
encoding regions of the operon (data not shown), a fea- 
ture characteristic for Streptomycetes genes (Wright and 
Bibb, 1992). The large intergenic regions of the operon 
exhibit only a moderate third position G-» C bias and 
no ORFs. 

The transcription terminator of the atp operon 
was detected by analysis of the sequence with the 
TERMINATOR program of the GCG package. This 
putative, factor-independent terminator is located imme- 
diately downstream the atpC gene. Due to the third posi- 
tion G + C bias, the region upstream from the atpl gene 
does not seem to contain polypeptide-encoding regions. 
Therefore, this region was analyzed for the presence of a 
promoter. A region with limited similarity to the A £. coli- 
like* group of Streptomyces promoters, with the consensus 
TTGaca(N 18 )TAGgaT (Bibb, 1985) is located about 
100 bp in 5' direction of the atpl start codon (nt 210 to 
250 in Fig. 2). It has to be mentioned that this promoter 
designation is putative and awaits experimental proof. 
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Fig. I. Organization for the atp ope ion of S. lividans. For sequencing of the atp operon of S. lividans, restriction fragments of the chromosomal DNA 
(B) were cloned and analyzed (p3ID8, pF450). Furthermore, the insert of a phage selected from a XCharon35 library (X102) was subcloned (pClOO, 
pC200, pC320) and sequenced. Restriction sites relevant for the cloning of atp arc marked (C). The order of the individual genes of the opemn is 
given by the designations of the respective gene products (A). Genes encoding the subunits of the F 0 complex and the F Y complex are represented 
by filled and hatched boxes, respectively. Methods: 5. lividans 66 strain 1326 kindly donated by Dr. H. Schrempf (Universitat Osnabruck) was grown 
in Difcu tryptic soy broth media (30 g/1; NordwaJd, Hamburg, Germany) at 30°C with vigorous aeration. Chromosomal DNA of S. lividans was 
prepared by the hexadecyltrimethyl ammonium bromide method (Ausubel et al„ 1987). As a modification of the method, washed mycelia ( 1 g) were 
resuspended in 5 ml JO mM TrisHCl pH 8.0/1 mM EDTA/2 rag per ml lysozyme and incubated for 30 min at 30 <: C in order to weaken the strcptomy- 
cctal cell wall prior to the extraction of DNA. The plating of a XCharnn35 library of chromosomal DNA of S. lividans (Betzler ct al., 1987) and the 
transfer of plaques onto membranes (Hybond N + , pore size 0.45 urn, Amersham, Braunschweig, Germany) was performed according to standard 
procedures (Ausubel et al.. 1987). Labeling of oligos and DNA fragments, hybridization with transferred plaques and Southern blots, and the 
subsequent detection was performed using the non-radioactive DIG system (Boeh ringer-Mannheim, Mannheim, Germany). Other DNA manipulations 
were carried out according to standard methods (Ausubel et al., 1987; Sam brook et al., 1989) using DNA-modifying enzymes from floehringer- 
Mannhcim and Gibco-BRL (Eggenstcin-Lcopoldsburg, Germany). 



Furthermore, the promoter of the S. lividans atp operon 
might be not *£. co/Mike* and due to the large intergenic 
sequences, the presence of additional promoter sequences 
as has been also shown for the E. coli atp operon is pos- 
sible (Walker et al., 1984). 

Since the N-terminal aa sequences of all SLFi subunits 
have been determined (Table I), the start codons for 
atpHAGDC could be identified. However, the atpC gene 
docs not contain an ATG start codon. From N-tcrminal 
sequencing, a TTG start codon has to be favored. 
Compared to the alternative start codon GTG, TTG start 
codons are rarely used in Streptomyces, but have been 
reported (Theberge et al., 1992). For the other atp genes, 
atpIBEF, the translational start is putative. In the case 
of more than one possible start codon, e.g., atpB and 
atpF, the putative regions were aligned to the 3' region 
of the 16S rRNA of S. lividans using BESTFIT in order 
to locate RBS (data not shown). The atpF gene possesses 
three possible translational starts with only minute dis- 
tances apart, as has been also observed for atpF in other 
atp operons, like that of E. coli (Walker et al., 1984) or 
Propionigenium modestum (Esser et al., 1990). 

(c) Features of the deduced aa sequences 

The molecular masses calculated from the deduced aa 
sequences of the ATP synthase subunits are in good 
agreement with biochemical data (data not shown; for 
SLF, subunits, compare Hensel et al., 1991). A significant 
feature is the primary structure of subunit 5, which exhib- 



its a molecular mass of 28 941 Da. The start codon of the 
corresponding ORF was confirmed by aa sequencing of 
the N-terminal region of subunit 5. In addition, the 
apparent molecular mass for subunit 5 has been shown 
to be 28 kDa (Hensel et al., 1991). However, the corre- 
sponding subunits, i.e., subunit 8 of other eubacterial 
ATP synthases and the mature OSCP of mitochondrial 
ATP synthases, exhibit molecular masses of about 
18-20 kDa. An alignment revealed that the higher molec- 
ular mass of S. lividans 5 is reflected by an N-terminal 
extension of about 90 aa (data not shown). An analysis 
of the secondary structure by various computational 
methods indicated two additional a-hclical regions with 
a moderate amphipathic character. Due to the conserved 
character of the secondary structures of ATP synthase 
subunits, a functional importance of the N-terminal 
extension has to be postulated. 

The subunits of the F c complex in general are known 
to exhibit only limited homology in the primary sequence. 
However, the similarity in the secondary structure and 
the appearance of, although few, conserved residues in 
alignments of subunits a and y of S. lividans and various 
other species, stressed the identity of the SLF D subunits. 
These sequence alignments revealed that a remarkable 
high degree of homology exists between the 3 subunits 
of 5. lividans and R. rubrum. The overall identity between 
both species is 36.5%, compared to about 25% identity 
to subunit a of other species (data not shown). In addi- 
tion, the aa residues of E. coli subunit a, e.g., Arg 210 , 
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iTTCTCTACOTCGAOCCCGAAC ISO 

r l r v s r s f u: 

gcqAA*AgA c txrecACTCGTccTCAoooGTAtxxiccogo^^ too 

^IKTGHSS* 

• tpB t sub unit + 

«toceccACAaccncccccACAcccCTAAc*ccAfrrcccgf<x:cG»^ ioso 

NRHAKGAAVSADFlgVLAFI 20 

GACCCMT<-OC^AYCTTCCMGCTTGTC^ 1300 

TDCHtrbCCorParOtH8Pt.rctLVaDHD9MLYrNKrHLLAl,bO9XVIV0 TO 

OTTCTTCTGOGCOGeCTT«XlCA«*a-«VAAgarrrft^ rer-Ar.ATr.fi rr-nrrr^nizttintir* t iv^r.w-riKrr.rrr.ir*.Mf T twjr.M.rftw^ y ft^B ftf rc B " y?-"; ftTiri Afl T PTTfTTrrfff THI TTUTfTC 1310 

rrVAAFRRrRVVFCRLgHVABAGYDriRRGVVYBTIGKKKGEK.YVPLVVI 12C 

GCreTTCTTCTTCGTCTGGATGATCAAnrcTCTCGATCATTCCrcrc 1500 
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CTCGTCATCGGCCTGATCQCCT TCGTCA TCti TC TTCGOCT rCCTCGCC AAGAAG C TCC TCCCGAACA TC ARCRAGG TTCTCGAAGAOCG TPGCGAGGCC A TCGA04»GCGGTA TCGACAAGGCC GAGOCC GCGCAGACC GAGOCCC AGAGC 24 00 

LVlGLXArvxvFGFLARKLLFHIWKVLIKAHBAXCGGXEKAKAAQTCAQf 12 

GTCCTCCAGCAGT ACAAGGCGC AGC TCGCCCAGGCCCO^ ACGAGGGCCGCGAG3AGOCGC AGGACCAGGGCGCCACGC T C AT CGCCOA0A TGC GCGC GGAAGGCC AGCOGC AGCGTGAOGAOAT CATC GCCQCCGGTCACQCCC AGAT C 25 40 

VLKOYKAOLAEAAKESKCEAOEOGATLIAtHlAEGQItgAEStlAAaHAQI K2 

---> > 

CWWCC^CTCA*OGCC«CWTCCGCOCTOCGCCA J100 

gADARAAASA LRgD VSftLATILAGKLVGERLIDHARGSRVX ORFLDtLDD 1T2 
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L t H A t VSLKRVLTDPAgSAP. PA»SSF5VSSAeRSAAPVDLVAGTVRSAV9 »2 

COCAOTCreaCG«CTQ01W»COCacTGGAGCAGCTG«^ 31i0 

g3 RDLVDALEgLAN 1ADLTAAQKRG.1.LDNVJCDK LP RFGAX 1 9SMTK LARA 142 

-> <- -- 

C«TCACCAGCC«TCGC<*ACCACC«*^ 3300 

L13A3ATTAAK3ELLAGLLG3ftAERTTERLVTALVTAPRGRSLESGLESL 112 

"*TC C AAGC TCOCCGCCGACCTiOCGGOACCGGATGGTCGCCG TGGTC ACC TCGGCtiGTGCCGC TG AOCGAC ACGCA/GAAGC AGCGCCTCGGCGCGGCC C TC GCGAAGGTCT ACGGCCGTOCGA TOC ACC TGAACCTCGAOG TOGACCCCG 341 0 

SKLAADKRDRKVAVVTSAVtLSDTgRgALGAALAKVYGAFHHLNLOVOFE 242 

AGGTCC TCGGCGCGA T CCGGGTGC AGGTCGG TGACGAGG T CATC AAC OGCYCC AT CGC GG ACCGTCTGGAGGACGCCGQCCGCCQGC TGGCOAGCTGACGCCC CC GC GAC QGCGAY CGCGACAAC AGC AC AGC ACT T AGC AGC ACCGC AG 3*00 
VLOOXRVOVODEVXNGSIADRLEDAORKLAS- 

^AACCGAGC APT AGC AG T ACGT AC TT ACGACGGCCCTGGT TGCGCCO TGCAGAGGATTCACC TC TCA TTGGOGGGAGTCCCGACTCG TGGAATACCC C CC AAOTGAAAC T TC GGGCCC AAC AAGGAG AGC AGOG AACT C AC AtSoCGCAG 314Q 

(■ubunit H — 3 

CTCACGATCCOGCCOOAOflAOAWCaOGACGCACTOaAGAACTTCOTCCW 3J00 

k_I L-* I I E1AOALK HFVQ S _V K_ POAASHtP Vft TVTt. A(iDGXAXVEGl.P8AHA 13 
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WEll.KFEDGTLGLALNLEEAEIGCVVLOerSGIEEGgPV9llTGEVLSVAV 103 

GCGGAGWTACCTCO^CGCOTCGTCGACCCCCTCWAACCCGATC^ 4200 

AEGYLGAVVDFLGHFIDr. LG ETRTSGkRALEl.gAFTVM0IIKSVHEFNETO 113 

TACWGGCCCTCG«GCCATC^«CCATC W 43 s 3 

TRAVOAHTPIGRGgAQLItGDRQTGXTALAVDTXlKQRDMVATGDPNKOV 203 

CGC T OCATC T ACGTCGCC AT CGGCC AGAAOGGC TCC ACC A TCGCG TCCG rOCClCGfiCCiCGC T GnAGGAT*AA£GGCCiCCiC TOfSAGT AC ACG ACCA TC GTWiCCGCt! C CGGCGTCCGAC C C GGCCGGC T TC AAOT ACC T GGCGCC GT AC ACC 4S0O 

RCXVVAXGgiCGS TlABVRSALCEHSALKYTTi-VAAPASD PAGF RFLAPT T 213 

GGCTCGGCCAT CGGCC AGCAGT GGAT G T ACC AGGGC AAGC ACGTCCTCATCATCTT CGAC G ACC T GTCG AAGCAGGCCGAC GCCT ACC GCGCCGTG TCGCT GC TGC TGCGCCGCCC GC C GGGCC GC GAGGCC TACCC GGGT GACG T C T TC U10 

G8AIGQgWMYEGRHVl.IirODL3K0ADAYRAV3LLLRRFrORBAYrODVr 303 

TGC AC TCCCG TC TGCTGGAGCGC TGCCCGAAGCTCTCCOACGCCUAUUCiCGC lTi< jCTCGA TGACCGGTCTGCCGA TCGT CGAGACC AAUCiCC AACGACGTG T^GGC UT TCAT CCCGADC AACG TC ATC TCC ATC ACC GACGOC C AG 4100 

YtMSRLLERCARLSOAEGACSMTCLPIVtTXAHOVSAriFTUUISITOGg 313 
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CFLESDLFMAnr)K»kiuur:TcuBki>r-->->>A»v* u -i A .. - ^ . . ~ * - - _ _ ... 



CT GGAGGCG TTCGCCGCC FYCGCT TCCGACC TGGAC GCCGCG TCG AAGT CGC ACC TGGAGC GC GG TC AGC GC ATGG TCGAGCTGC TGAAGCAGAACC AG T ACC AGC CGATGTCC ACCGAGGACCAGG TCCTC TCCGT CT QGGCCGGCACC 
L^IAFAArG SOLOAASKSgLERCgRMVELLRQNgYQPMSTEDgvVSVVAGT 

ACCGOCAMATGGACOAOGTGCCCGTCOCCGAC ATCCGCCOCTT C GAGAAGGAGCTGC TGOAGTACTTGCACCGCCAGGAGCAGGGCC TC ATGACC TCC ATCCfiCGAGGGCGGC AAGATGTCCGACGACACCCT GC A3OCC0TC0CCGA0 
TGKMOEVFVAOIRRFERCLLKrLHRgcUGLMTSlREGGKH9DOTl.gAVAE 

^CRTC)GCttGOGT TC AAGAAGCAG T T C GAGACGAGCSACGGC AAGC TGCTCGGCGAGG AC GC CCC GTCC GCCGCCAM TmACGTAaGGAAGGGACC T GAC TCATOGGAGCCC AGC T C CGGC TC T AC AAGC G T CGCATCCGATCCGTC ACC 
AXAAFRRQF£T5DGRLLGEDAFSAAK> ' — un&ni >uvvaai>*u* 
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***** C 5**" i*^i t ^ C S C "? TGGTCT TCGGTCACATGGACGAGC CGCCGGGCACCCG TCT GC GCG TCUCGC TGGCCGGCCTC ACCATGGCCGAG Y ACT 7CCGCGACUTCC AGAAGC AGiiAC U T GCTGTTCT TCA TCGAC AACA TC TTCCGC T 7CSO 

X0KTRLVFGQMDEP»GTRLRVALAGLTHAEYFR0VgKQDVLFrXO»tXFRF 3f3 



15 



OCCOCTOCTCOO TO TOCTOOMTCOOQCCCGOTQACCATTCaT AC MOT GACOOCOOQACOO r CQTCGCCOCOO TGCACGGCGGT TTC* TC TCGTTCQCCtMCMCAAGCTOTCGC Tt3CTOGCCGAOCTCGCCG*OCTGTCOG*Ca*CAT tlOO 



ATCyC^TCTrrrTTCCCTTCreTTACCTAqGASAC<^C«^^ 1400 



tirmlMCor -» -30 -SB ""-15 ' -1 

aXTCTTCCTCfrC<«trTGCtXOC«XXTGMCt*rOC^ II so 

OTCOMtTaaT ISM 

Fig. 2. Sequence of (he S. Iividans aip operon. The complete nt sequence was determined by sequencing both strands of DNA. The N-terminal 
sequences determined by aa sequencing are indicated by underlining the aa deduced from nt sequencing. Putative and confirmed start codons of the 
genes are printed bold, whereas putative RBS of individual genes are underlined. As functional elements of the operon, the putative promoter and 
terminator sequences are double underlined. The digits —35 and —10 indicate functional elements of the putative promoter, while the digit —1 at 
the terminator sequence indicates the last transcribed nt Regions containing inverted or direct repeats are indicated by arrows. The nt sequence was 
submitted to the EMBL data library and is available under accession No. Z22606. Methods: For DNA sequencing a combination of the cxonuclcasc 
III method of Henikoff (1984) and the primer walking approach was applied. DNA sequencing of single-strand templates was performed with 
Sequenase version 2.0 kits for standard applications, and with Taquenase version 2.0 kits for the resolution of regions containing strong secondary 
structures (both US Biochemical, Bad Homburg, Germany). For the resolution of compressions arising from slable secondary structures due to the 
high G + C content of 75%. each sequence position was determined at least twice with control reactions employing base analogues (dm* for Sequenase 
and deazaGTP for Taquenase). Sequence fragments were assembled and analyzed by means of the GCG software package version 7.2 running on a 
uVAX 3800. 



Glu 219 and His 245 , shown to be essential for proton trans- 
location through F 0 (Senior, 1990; Fillingarne, 1990), arc 
conserved in subunit a of S. Iividans, although the posi- 
tions of Glu and His have been inverted (Fig. 2; Arg 209 , 
His 218 , Glu 254 ). From site-directed mutagenesis experi- 
ments with E. coli subunit a it is known that both residues 
can be exchanged against each other yielding an F 0 com- 
plex with higher rates of proton translocation than that 
of either single mutation (Cain and Sirnoni, 1988). 

(d) Phylogenetic analysis 

Due to their ubiquity and highly conserved structure, 
the sequences of rRNAs have been postulated as molecu- 
lar chronometers and the great number of known rRNA 
sequences allowed the generation of phylogenetic trees 
(Woese, 1987). ATP synthase subunits involved in nucle- 
otide binding, i.e., subunits a and 0, also show highly 
conserved primary structures in all species investigated 
so far. Furthermore, these polypeptides are ubiquitous, 
and, therefore, also allow the generation of phylogenetic 
trees. As a result, this calculation resembles the grouping 
of previously analyzed species (Amann et al., 1988; 
Klugbauer et al., 1992; Xie et al., 1993). The Gram + 
group with a low G + C content of the DNA presents a 
single line of descent. Rhodobacteria, Cyanobacteria and 
the Bacteriodes/Cytophaga group appear as phylogeneti- 
cally coherent groups. In contrast, Propionigenium mod- 
estum and Mycoplasma gaUisepiicum show an individual 
line of descent (Fig. 3). 



The phylogenetic position of S. Iividans distant to other 
members of the Gram* line of descent, but in juxtaposi- 
tion to Rhodobacteria, is a rather unexpected result 
Recent analysis of 16S rRNA (Woese, 1987; Olsen et ah, 
1994) has shown a coherent grouping of Gram + taxa 
with high and low G + C content. The analysis of the 
sequences of subunit p, however, revealed a split in the 
Gram + branch of decline between S. Iividans as a member 
of the high-G + C Gram* group and other Gram + taxa 
of the low-G + C branch. Similar to the phylogenetic cal- 
culations shown here, an analysis by Schleifer and 
Ludwig (1989) indicated a position of the high-G + C 
Gram* group distant from the low-G + C Gram + group, 
although Streptomyces was not analyzed. Furthermore, 
the outstanding phylogenetic position of the high-G + C 
Gram + group was recently supported by analysis of the 
23S rRNA, which has been characterized by an insertion 
unique for this group of bacteria (Roller et al., 1992). The 
phylogenetic proximity of S. Iividans and Rhodobacteria, 
which is also supported by biochemical evidences (see 
introduction), might be a consequence of the high G + C 
content of both species. The G + C content of the atp 
operon of S. Iividans (68%) is close to the values for the 
atp operons of R. rubrum (66%) and Rhodopseudomonas 
blastica (65%) (Falk et al., 1985; Tybulewicz et al., 1984), 
whereas the sequences of other species exhibit lower 
G + C contents. Therefore, it has to be considered 
whether the high G + C content in the species mentioned 
is the result of an analogous evolution or whether it is a 
primary feature. 
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Thermophilic bacterium PS3 

Bacillus meitnerium 




Sulfolobu* actdocaldartus 



Fig. 3. Phylogenetic tree calculated with nt sequences of atpD (subunit 
p). The phylogenetic tree presented is the result of several runs of the 
DNAML program of the PHYLIP package, versions 3.2 and 3.5. The 
nt sequences for the genes of the subunit (3 of Anabaenu sp. PCC 7120, 
Bacillus firmus. Bacillus megaterium, Bacteriodes fragilh, Cyrophaga 
lytica, Enterococcus hirae, Escherichia coli, Mycoplasma gatlisepticum, 
Propionigenium modestum, Rhodopseudomonas hlasiica, R. ruhrum, 
Synechococcus sp. PCC 6301, Synechocystis sp. PCC 6803, thermophilic 
bacterium PS3, Vibrio alginolyticus and the subunit A of Halobacterium 
salinarium. Methanosarcina barkeri and Sutfolobus acidocaldarius were 
obtained from the HMBL database release 33 (see database entries for 
references). The deduced aa sequences of subunits p and A of cu- and 
archaebacteria, respectively, were aligned in order to minimize gaps 
(data not shown). The resulting alignment was translated into an align- 
ment of the corresponding nt sequences, which was used for the calcula- 
tions of the phylogenetic relationship. In this form, the sum of the 
branch lengths between species of the phylogenetic tree corresponds to 
the evolutionary distance. In order to provide an outgroup for the 
phylogenetic analysis, sequences of genes for the arc haebacte rial 
ATPasc subunit A, which is related to the cubactcria) subunit p, were 
included. No considerations ubout the sequence of the catalytic subunit 
of the common ancestor of archae- and eubacteria are allowed, thus 
the tree remains unrooted. 



(e) Conclusions 

(/) Oligos derived from N-terrainal aa sequences of 
ATP synthase subunits allowed the identification and 



cloning of nt fragments encoding the ATP synthase of 
S. lividans. 

(2) Sequence analyses revealed that the ATP synthase 
genes arc organized in one opcron {atpIBEFHAGDC). 

(3) Subunit 5 possesses a unique N-terminal extension 
of 90 aa. 

{4) Amino-acid residues shown to be essential for 
proton translocation through F D are conserved in sub- 
units a and y of S. lividans. 

(5) Phylogenetic analyses performed with subunit JS 
indicated a position of S. lividans distant from other 
Gram + bacteria but close to Rhodobacteria. 
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Molecular biological and biochemical studies of the F,F 0 -ATP synthase of alkaliphilic Bacillus firmus OF4 
show that the enzyme used at pH 7.5 and pH 10.5 is a unique product of the atp operon, expressed at the same 
levels and yielding an enzyme with the same subunit properties and c-subunit/holoenzyme stoichiometry. 



The bioenergetics of oxidative phosphorylation in extremely 
alkaliphilic Bacillus species is difficult to describe according to 
a strictly chemiosmotic model The maintenance of a cytoplas- 
mic pH below pH 8.5 during growth at pH values of 105 and 
higher reduces the net electrochemical proton gradient (Ap) 
that is available to energize proton-coupled bioenergetic work. 
The surprising observation is that the small Ap at pH 10.5, for 
example, supports similar or higher phosphorylation potentials 
(AGp values) in alkaliphilic Bacillus firmus OF4 as observed 
with cells growing at pH 7.5, although the total Ap is almost 
three times higher in pH 7.5-grown ceils (7, 19). The discor- 
dance is even greater when the external pH is elevated above 
11 (19). Since neither the use of Na + as a coupling ion nor the 
sequestration of oxidative phosphorylation in organelles ac- 
counts for these observations with extreme alkaliphiles, the 
possibility of a highly variable H + /ATP coupling stoichiometry 
has been considered as a way of fitting the data to a chemios- 
motic model (13). In a completely chemiosmotic coupling 
mode, the AGp/Ap ratio should be equal to the H + /ATP ratio 
so that a higher H + /ATP ratio would compensate for a lower 
Ap. In order to account for the bioenergetic parameters 
measured in a rigorously controlled chemostat study, the 
H + /ATP ratio would have to vary from just above 3 to 13 over 
the organism's pH range for rapid growth (19). Such a 
variability in stoichiometry is difficult to envision if a single 
species of synthase operates over the entire range of growth 
pH. Prokaryotic ATP synthases, including those of the Bacillus 
species studied to date, are F-type ATPases encoded by 
operons in which the first cistron is generally a gene {atpT) of 
unknown function, which is followed by the three genes 
(atpBEF) encoding the subunits of the integral membrane F 0 
part of the complex and then the five genes (atpHAGDC) 
encoding the catalytic F, part (3, 6, 10). Earlier PCR studies 
failed to indicate more than one atp operon or multiple atpE 
genes encoding the c-subunit, even though the degenerate 
primers used were able to amplify the alkaliphile genes, which 
have specific sequence motifs (10, 11), as well as conventional 
atp genes from unrelated Bacillus species (11). However, 
previous studies did not include a characterization of the actual 
enzyme found at different pH values or whether there was a 
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pH-dependent change in the level of the synthase, in its 
subunit structure, or in the c-subunit/holoenzyme ratio. In 
Enterococcus faecalis, an increase in the amount of the ATPase 
was found to be an adaptation to a low external pH (12), 
making it of interest to examine the possibility of up-regulation 
by the alkaliphile at high external pH values for growth. No 
evidence has been presented for a discrete change in c-subunit/ 
holoenzyme stoichiometry in connection with physiological or 
environmental challenges. However, the presence of approxi- 
mately 9 to 12 copies of this subunit per F-ATPase assembly 
and the importance of this subunit in the pathway for the 
coupling ion have led to proposals directly relating a synthetic 
function and the H + /ATP stoichiometry to the c-subunit/ 
holoenzyme stoichiometry of different classes of ATPases (4). 

In this study, total RNA (14) from B. firmus OF4 cultures 
grown at pH 7.5 and pH 10.5 was analyzed by Northern (RNA) 
blots, using methods described previously (15). A probe con- 
sisting of the entire c-subunit gene and upstream region 
hybridized to the full-length (7-kb) transcript of the atp 
operon, giving signals of approximately equal intensity with 
RNA samples obtained from cells grown at the two pH values 
(Fig. 1). If anything, in the particular set shown, there was 
slightly more hybridizing RNA in cells grown at the lower pH. 
No other bands were detectable, suggesting that transcription 
from an internal promoter upstream of the atpE gene does not 
occur at either growth pH. Identical results were obtained with 
a probe containing an internal region of the a-subunit gene 
(data not shown). Primer extension analysis was used to 
determine the transcriptional start site of the atp operon. A 
single extended product of the same size was obtained with 
samples of RNA isolated from either pH 7 J- or pH 10.5-grown 
cells, and the intensities of bands were approximately the same 
at both pH values, consistent with the results of the Northern 
blot analyses (data not shown). 

Membranes from B. firmus OF4 grown at either pH 1JS or 
pH 10.5 were isolated, fractionated on denaturing gels, and 
probed by Western (immunoblot) analysis with antibody 
against the p-subunit of Escherichia coli, using procedures 
comparable to those described earlier (9). As shown in Fig. 2, 
there was no difference in the amount of this major Fj-ATPase 
subunit in membranes from cells grown at the two pH values. 
The synthase represented 2.2% of membrane protein, being 
present at 44 pmol/mg of membrane protein in sets of prepa- 
rations from cells grown at the two pH values. The FjFq- 
ATPase was purified from membranes of pH 7.5- and pH 
lOJ-grown cells; although not shown, the initial membranes 
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FIG. 1. Northern blot analysis of the atp operon of B. firmus OF4. 
Five-microgram samples of total RNA from cells of A jimuij OF4 
grown at pH 7.5 and pH 10.5 were denatured, electrophoresed, 
transferred to nylon membranes, and probed with a radiolabeled 
fragment containing the atpE gene. The probe consisted of a 499-bp 
NhelSspl fragment of pRC3. pRC3 was isolated from a B. firmus OF4 
EcoKl-Clal genomic DNA library constructed in pSPT19 (Boehringer 
Mannheim) and contains the genes encoding the subunits i, a, c, b, and 
8 of the ATP synthase downstream of the 17 RNA polymerase 
promoter. Standard molecular biological procedures used in this and 
other manipulations were conducted as described previously (1, 16). 
Positions and sizes of RNA standards (Gibco/BRL) are shown on the 
right. 





FIG. 3. In vitro transcription and translation of the genes of the B. 
firmus OF4 atp operon encoding the F 0 subunits and &. Pvul (A) and 
£coRI (B) digests of pRC3 were used for in vitro transcription and 
translation, which were carried out by using the protocols provided by 
Promega. Following transcription with T7 RNA polymerase, plasmid 
DNA was digested with RQ1 DNase and the products of transcription 
reactions were added directly to an £ coti S30 translation system 
(Promega) containing [ 35 S]methionine. Translation products were 
separated by SDS-PAGE and visualized by autoradiography. Molecu- 
lar masses (in kilodaltons) of marker proteins are given on the right. 



had comparable ATPase activities and the pattern observed 
upon gel electrophoresis of the two purified preparations was 
identical to that found earlier for enzyme from pH 10.5-grown 
cells (8). The relative amounts and sizes of the subunits were 
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FIG. 2. Quantitative immunoblot of 0-subunit (F,F 0 - ATPase) con- 
tent in membrane vesicles of B. firmus OF4. Everted membrane 
vesicles were prepared essentially as described previously (8). Five-, 
ten-, and twenty-mkrogram samples of total membrane protein from 
B. firmus OF4 grown at pH 7.5 and pH 10.5 were subjected to 
SDS-PAGE, transferred to nitrocellulose, and probed with a mono- 
specific polyclonal antibody against the 0-subunit of £. coti F,. After 
densitometric analysis of the bands formed from the indicated concen- 
trations of purified B. firmus OF4 F, (the right half of the blot), a 
standard curve, from which the concentration of enzyme in membrane 
samples was calculated, was prepared Molecular weight standards (in 
thousands) are on the left 



comparable for the two preparations and were reproducible 
among independent preparations. 

The c-subunit was only barely discernible or in some cases 
not detectable in Coomassie-stained gels. To definitively iden- 
tify the position of this subunit, as well as that of the a-subunit, 
in the gel system, in vitro transcription and translation of the 5' 
portion of the atp operon of B. firmus OF4 were carried out. A 
2.9-kb ClahEcoiU fragment of B. firmus OF4 DNA containing 
the atplBEFH genes was placed behind the T7 RNA poly- 
merase promoter of pSPT19. Pvul digestion of this construct 
results in such a truncation of the atpE gene that the c-subunit 
lacks its final nine amino acid residues and the b~ and 

5- subunits are not made. EcoRl digestion of the construct 
leaves all of the genes intact. As shown in Fig. 3, transcription 
and translation of these digests, followed by sodium dodecyl 
sulfate-r^lyacrylamide gel electrophoresis (SDS-PAGE) and 
autoradiography, allowed unambiguous identification of the 
products of the atpIBEH genes, the subunits i, a, c, and 5, 
respectively. The smallest product of the /Vul-digested con- 
struct (Fig. 3A) was smaller than that of the £coRI-digested 
construct (Fig. 3B), confirming that this was the c-subunit in 
truncated and untruncated forms, respectively. Not detectable 
in this experiment was the product of the atpF gene, the 

6- subunit. This may reflect the use of GUG as the start codon 
for this gene; the S30 translation system employed in this 
experiment may not recognize and translate this region appro- 
priately. Having established the electrophoretic mobility of the 
authentic c-subunit, quantitative comparison of the c-subunit 
content of membranes from pH 7 5- and pH 10.5-grown cells 
of B. firmus OF4 was carried out by analysis of gel fractionation 
of membranes that had been treated with radioactive Nfl'- 
dicyclohexylcarbodiimide (DCCD). In Fig. 4, the pattern of 
membrane proteins from one of several independent sets of 
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FIG. 4. [ I4 C]DCCD labeling of everted membrane vesicles of B. 
firmus OF4 grown at pH 7.5 and pH 10.5. Everted membrane vesicles 
were incubated with [ U C)DCCD overnight and washed twice as 
described by others (2, 5). Radiolabeled vesicles were extracted with 
chloroform-methanol (2:1) and ether precipitated. Ether precipitates 
were solubiiized in SDS sample buffer, loaded on an SDS-PAGE gel 
(17), and stained for total protein by Coomassie brilliant G (first two 
lanes), and the gel was dried and exposed to a phosphorimager screen 
(last two lanes) to detect radiolabeled proteins. The molecular mass of 
the band corresponding to the c-subunit was approximately 7 kDa. 
Prestained molecular weight standards (in thousands) are indicated on 
the left. 



such membranes is shown side by side with an autoradiogram 
of the same gel. Although there were some differences in 
overall membrane protein patterns, some of which are not 
reproducible in independent sets, the autoradiograms consis- 
tently indicated no pH-dependent change in the c-subunit 
content of the membranes. Given the observations that both an 
F t subunit and the c-subunit were present in the same amounts 
in membranes from pH 7.5- and pH 10.5-grown cells, the ratio 
of c-subunit to holoenzyme must also be the same at the two 
pH values. 

Previous studies indicated that the B. firmus OF4 c-subunit 
and that of another, unrelated, extremely alkaliphilic Bacillus 
sp. differed from homologs of several nonalkaliphilic bacteria 
in the regions of the c- and a-subunits (11, 13). The c-subunit 
was purified by chloroform-methanol extraction (5) of mem- 
branes from B. firmus OF4 grown at pH 7.5 and pH 10.5 to 
determine whether partial analysis by microsequencing would 
indicate that both or only one of the preparations contained 
the unusual sequence features that had been deduced from the 
gene sequence. Preparations of the c-subunit in chloroform- 
methanol (2:1) were applied to a polyvinylidene difluoride 
membrane and subjected to cyanogen bromide cleavage (18); 
N-terminal amino acid sequencing was performed on a gas- 
phase sequencer by using standard Edman degradative chem- 
istry. Microsequencing from the N terminus proceeded much 
more efficiently after treatment of the samples with cyanogen 
bromide, indicating that a blocked N-tenninal methionine is 
probably present in purified c-subunit samples. Subsequent to 
cyanogen bromide treatment, it was possible to identify 23 
residues of sequence from the N terminus and an additional 5 
residues that followed the single internal cleavage and ap- 
peared as a minor sequence set. Both of these sequences were 
identical in samples from cells grown at the two pH values; 
moreover, they conformed precisely to the sequence deduced 



from the gene sequence. The determined sequence included 
many residues that are thus far specific to two alkaliphile 
c-subunits. For example, in the first putative transmembrane 
helix, sequencing identified the following residues (presented 
as residue and position number): G-5, G-17, A-20, 1-21, and 
A-22. In addition, the unusual second proline (at position 58), 
near the important carboxylate in the second putative trans- 
membrane helix, was identified in both samples. Thus, the ATP 
synthase from B. firmus OF4 grown at pH 7.5 and pH 10.5 
appears to be a unique enzyme that is neither present in 
unusual or pH-dependent amounts in the membrane nor 
variable in its ratio or in the species of c-subunit. If the 
alkaliphile uses the enormously variable H + /ATP stoichiome- 
try required to account for the phosphorylation potentials 
generated at different values of growth pH, then it does so with 
a single enzyme. The unlikeliness of this is compounded by the 
finding that the molar growth yield of B. firmus OF4 on limiting 
malate in continuous culture is actually higher at pH 10.5 than 
at pH 7.5, the reverse of what would be expected if more 
protons had to be translocated inward to produce the same 
amount of ATP (19). Moreover, there are qualitative observa- 
tions in connection with alkaliphile oxidative phosphorylation 
that would not be accounted for simply by a variable stoichi- 
ometry of coupling (13). 
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We present here the complete genome sequence of a common 
avian clone of Pasteurella multocida, Pm70. The genome of Pm70 
is a single circular chromosome 2,257,487 base pairs in length and 
contains 2,014 predicted coding regions, 6 ribosomal RNA operons, 
and 57 tRNAs. Genome-scale evolutionary analyses based on pair- 
wise comparisons of 1,197 orthologous sequences between P. 
multocida, Haemophilus influenzae, and Escherichia coli suggest 
that P. multocida and H. influenzae diverged *»270 million years 
ago and the y subdivision of the proteobacteria radiated about 680 
million years ago. Two previously undescribed open reading 
frames, accounting for ^1% of the genome, encode large proteins 
with homology to the virulence-associated filamentous hemagglu- 
tinin of Bordetella pertussis. Consistent with the critical role of iron 
in the survival of many microbial pathogens, in silico and whole- 
genome microarray analyses identified more than 50 Pm70 genes 
with a potential role in iron acquisition and metabolism. Overall, 
the complete genomic sequence and preliminary functional anal- 
yses provide a foundation for future research into the mechanisms 
of pathogenesis and host specificity of this important multispecies 
pathogen. 

It has been more than a century since Ix)uis Pasteur conducted 
experiments with Pasteurella multocida (Pm), first demonstrat- 
ing that laboratory attenuated bacteria could be used for the 
development of vaccines (1). Despite this seminal discovery, the 
molecular mechanisms for infection and virulence of Pm have 
remained largely undetermined, and this organism has contin- 
ued to cause a wide range of diseases in animals and humans. It 
is the causative agent of fowl cholera in domesticated and wild 
birds, hemorrhagic septicemia in cattle, atrophic rhinitis in 
swine, and is the most common source of infection in humans 
because of dog and cat bites (2, 3). 

Because the genomic DNA sequence encodes all of the 
heritable information responsible for microbial replication, vir- 
ulence, host specificity, and ability to evade the immune system, 
a comprehensive knowledge of a pathogen's genome provides all 
of the necessary information required for cost-effective and 
targeted research into disease prevention and treatment. To 
better understand the molecular basis forPm's virulence, patho- 
genicity, and host specificity, we sequenced the genome of a 
common avian isolate recovered from a recent case of fowl 
cholera in chickens. The analysis identified a total of 2,014 open 
reading frames, including several encoding putative virulence 
factors. In particular, Pm has two genes with significant homol- 
ogy to the filamentous hemagglutinin gene in Bordetella pertussis, 
as well as more than 50 genes with a potential role in iron uptake 
and metabolism. The analysis also provides strong evidence that 
Pm and its close relative, Hemophilus influenzae (Hi), diverged 
^270 million years ago (mya) and that the y subdivision of the 
proteobacteria, a group that contains many of the pathogenic 
Gram-negative organisms, radiated ^680 mya. 

Materials and Methods 

Multilocus Enzyme Electrophoresis (MLEE). MLEE was used to 
determine the population genetic structure of Pm from avian 
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sources. Methods for MLEE have been described in detail 
elsewhere (4). Briefly, 271 Pm isolates recovered from 14 wild 
and domesticated avian species from throughout the world were 
grown and sonicated for the collection of the enzyme -containing 
supernatant. Histochemical staining for 13 metabolic enzymes 
[mannose phosphate isoinerase, giutamate dehydrogenase, 
shikimic acid, glucose-6-phosphate dehydrogenase, nucleoside 
phosphorylase, phosphoenol pyruvate, malate dehydrogenase, 
fumarase (two iso forms), phosphoglucose isomerase, adenylate 
kinase, 6-phosphogluconate deyhdrogenase, and mannitol-1 
phosphate deyhdrogenase] was conducted to determine distinct 
mobility variants of each enzyme. Each isolate was characterized 
by its combination of alleles at 13 enzyme loci, and electro - 
phoretic type designations were assigned by computer analysis as 
described (4). 

Sequencing and Assembly. A shotgun strategy (5) was adopted to 
sequence the genome of Pm70 (capsular type A; serotype 3). To 
create a small (1.8* to 3.0-kb) insert library, genomic DNA was 
initially isolated by using a chloroform/ceryltrimethyiammo- 
nium bromide-based method, as described (6). Next, the DNA 
was sheared by nebulization (http://www.genome.ou.edu) and 
cloned into pUCIS for isolation and sequencing. Approximately 
25,000 clones were sequenced from both ends by using Dye- 
terminator chemistry on ABI 377 (Applied Biosystems) and 
Megabace (Molecular Dynamics) sequencing machines. A total 
of 53,265 sequences were used to generate the final assembly, 
giving about a 10- fold coverage of the genome. Sequence 
assembly and verification were accomplished by using phred- 
phrap (P. Green, http://genome.washington.edu). To close the 
approximately 100 gaps at the end of the shotgun phase, several 
methods were used, including primer walking, homology-based 
comparisons of gap ends, and multiplex PGR. Primer walking 
was performed on genomic DNA or on a large-insert A library 
(15-20 kb). The final assembly was compared to a previously 
published genetic map of Pm (7). 

Potential coding sequences (CDSs) were predicted by using 
ORPHEUS, glimmer, and artemls, and the results were com- 
pared and verified manually in artemis (8, 9). Homology studies 
were completed with bjlastp analysis by using a database 
constructed by the Computational Biology Center at the Uni- 
versity of Minnesota (http://www.cbc.umn.edu). Transfer RNAs 
were predicted by trnascan-se (10). 



Abbreviations: mya, million years ago; CDS, coding sequence; Pm, Pasteurella multocida; 
Hi, Haemophilus Influenzae; Ec, Escherichia colt, MLEE, multilocus enzyme electrophoresis; 
D, distance. 
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Microarray Analysis and Isolation of Total RNA. A flask of brain- 
heart infusion (BHI) media (Becton Dickinson) was inoculated 
with Pm Pm70 and grown to Jog phase (OD 6 oo =" 0.7) at 3TC. 
The culture was then split into two 180-ml volumes, which were 
pelleted al 4°C. washed with lx PBS, and pelleted again. One 
pellet was resuspended in 180 ml BHI and the other in 180 ml 
BHI containing the iron-chelator 2,2'-dipyridyl (200 p,M). The 
cultures were incubated on a rotary shaker at 37°C, and 30-ml 
volumes were removed at time points of 15, 30, 60, and 120 min 
after resuspension. The cultures were briefly centrifuged, and 
the pellets were flash frozen in dry ice and ethanol. Total RNA 
extractions were performed with RNeasy maxi columns (Qiagen, 
Chatsworth, CA), with DNase digestions done on-column by 
adding 82 Kunitz units of enzyme (Qiagen) and incubating at 
room temperature for 15 min. Ten micrograms of each RNA 
sample was used in two separate hybridization experiments on 
identical arrays. 

cDNA Synthesis and Labeling Conditions. Construction of cDNA 
and DNA microarray hybridization approaches were performed 
as described at our web site (http://wwwl.umn.edu/agac/ 
microarray /protocols, html). In brief, 30 n>g of random hexamers 
(Amersham) and 10 /ig of total RNA were initially preheated at 
70°C for 10 min, quick-cooled on ice for 10 min, and incubated 
for 2 h at 42°C with the following reverse transcription-PCR 
reaction mix: first-strand buffer, 10 mM DTT; 380 units of 
Superscript II RT; and 500 /xM dATP, dCTP, dGTP; 100 p.M 
dTTP, all from Life Technologies-GEBCO/BR L; and 400 /j.M 
amino-allyl-labeled dUTP (Sigma; 4:1 ratio). After hydrolysis 
with 10 ^1 1 M NaOH and 10 pi 0.5 M EDTA for 15 min at 65°C, 
the samples were neutralized with the addition of 25 yA of 1 M 
Tris*HCl (pH 7.4) and cleanup was performed with Microcon 30 
filters (Millipore). The fluorescent monofunctional N~ 
hydroxysuccinimide -ester dyes Cy3 and Cy5 were coupled with 
the cDNAs from control and iron-depleted bacteria, respectively 
for 1 hour, quenched with 4.5 /d hydroxylamine (4 M; Sigma), 
and cleaned with the Qia -Quick PGR Purification Kit (Qiagen). 
The samples were then dried down and stored for no longer than 
24 h at 4°C before use. 

DNA Microarray Hybridization and Analysis. Preparation of DNA 
microarrays (including primer sequences and PCR protocols), 
and hybridization techniques are also described at our web site 
mentioned above. Briefly, a library of targets representing all 
2,014 open reading frames (ORFs) from Pm Pm70 was con- 
structed with primers designed to amplify fragments ^500 base 
pairs from each ORF from genomic DNA template. Two rounds 
of PCR were performed to minimize genomic DNA contami- 
nation, and the final 100-^il reactions were checked for quality 
on agarose gels and purified with Multiscreen PCR plates 
(Millipore). Arrays of 1,936 ORF segments representing the 
successful amplifications and >95% of the Pm CDSs were 
printed by using a Total Array System robot (BioRobotics, 
Cambridge, UK). Samples containing no DNA were also spotted 
as a negative controls. 

Hybridization was conducted by resuspending our cDNA- 
labeled probes in dH 2 O t 3X SSC, along with SDS and salmon 
sperm to be used as blockers. The probe was then added to the 
array and incubated at 63°C for 6 hours. Images of the hybridized 
arrays were obtained with a ScanArray 5000 microarray scanner, 
and fluorescent intensities were analyzed by using the program 
QuantArray (GSI Lumonics, Watertown, MA). Hybridization 
experiments were repeated two times to ensure reproducibility 
of the results. To obtain a Cy3/Cy5 intensity ratio for each spot, 
the intensities for each spot were first standardized by subtract- 
ing local background and normalizing individual spot intensities 
against the total spot intensity for both channels. Spots with a 
2- fold or greater intensity ratio were further analyzed for their 
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Fig. 1 . Genetic relationships among the eight common clones of Pm recov- 
ered from avian sources. A total of 271 independent isolates of Pm recovered 
from 14 avian species were characterized for differences in electrophoretic 
mobility at 13 loci by MLEE. Of the 82 electrophoretic types that were iden- 
tified, more than two-thirds of the isolates were represented by the eight 
clones shown in the dendrogram. Furthermore, a total of 31 % of the isolates 
were represented by a single group, electrophoretic type 07 (arrow) that 
included the isolate Pm70. 



differences in gene expression. Hierarchical clustering and anal- 
ysis were performed by using the publicly available programs 
CLUSTER and tree view (http://www.microarrays.org/software; 
ref. 11). 

Results and Discussion 

Pm Population Genetic Structure. To identify the bacterial clones 
responsible for most infections in avian hosts, we first deter- 
mined the genetic diversity and population structure of Pm 
strains collected from a wide range of wild and domesticated 
birds. A total of 271 independent isolates recovered from 14 
avian species were characterized for protein polymorphisms at 
13 enzyme loci by muitilocus enzyme electrophoresis (4). The 
analysis revealed 72 electrophoretic types (ETs), with an average 
genetic diversity (H) of 0,474 ± 0.049. indicating that consider- 
able genetic variation exists within Pm, However, more than 
two- thirds (69%) of all isolates were accounted for by only eight 
clones (ETs), and 31% of the isolates were of a single clone 
designated ET-7 (Fig. 1). Strain Pm70, isolated in 1995 from a 
case of fowl cholera in chickens, is a member of this clone and 
was thus targeted for genome sequence analysis. 

Characteristics of the Pm70 Genome. We used the random shotgun 
approach to generate more than 53,000 sequence fragments 
from strain Pm70, which were then assembled into a single 
circular sequence of 2,257,487 base pairs (Fig. 2). The putative 
origin of replication of the chromosome was identified on the 
basis of the presence of dnaA boxes, characteristic oligomer 
skew, and G-C skew immediately before the first putative coding 
sequence, gidA (12, 13). The entire sequence specifies 2,014 
potential CDSs with an average size of 998 base pairs, which in 
sum account for 89% of the entire chromosome (Fig. 7, which is 
published as supplemental data on the PNAS web site, www. 
pnas.org). The remaining 11% of the sequence consists of 6 
complete rRNA operons (16S-23S-5S), 57 tRNA genes repre- 
senting all 20 amino acids, and a relatively small number of 
noncoding elements (Table 1). Sequence comparisons identified 
200 CDSs (10%) unique to Pm and 1,197 CDSs with orthologs 
in both the Hi and Escherichia coli (Ec) genomes. These results 
arc consistent with an overall close relationship and support the 
classification of these bacteria in the y subdivision of the 
proteobacteria. Because 26% of the CDSs are most similar to 
hypothetical proteins of unknown functions, as is seen in other 
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Table 2. Evolutionary distances between P. multocida, H. 
influenzae, and E. coli 




Fig. 2. Circular representation of the genome of Pm, Pm70. The Pm genome 
and its coding regions with homologies, the tRNA and rRNA operons, and the 
overall G*C content are presented. The outer circle represents the sea le in base 
pairs with the origin noted. The outer arrows represent the 57 tRNAs and the 
inner arrows represent the 6 complete rRNA operons (16S-23S-5S). The 2,01 A 
potential coding sequences are represented by colors depicting homology to 
both Fc and Hi (green), Ec alone (purple). Hi a lone (light blue), or to organisms 
other than Hi or Ec or unique to Pm (red). The G-C % of each coding sequence 
is represented in the interior circle by different shades of pink in increments 
of 5%: the lightest pink represents a G-C % of 25-30% whereas the darkest 
pink represents 45-50%. The figure was generated by using genescene soft- 
ware (DNAstar, Madison, Wl). 



completed microbial genomes, a substantial portion of Pm's 
biochemistry and ceil biology remains to be discovered (14). 

The Pm genome encodes complete sets of enzymes for the 
oxidative pentose phosphate and Entner-Doudoroff pathways, 
glycolysis, gluconeogenesis, and the trichloroacetic acid cycle 
[trichloroacetic acid (TCA) cycle; see Table 3, which is published 
as supplemental data on the PNAS web site]. These pathways are 
also present in both Ec (15) and Hi (5), except for the absence 
of a complete TCA cycle in Hi. The Pm genome, like Hi and£c, 
encodes a complete set of instructions for the synthesis of all 20 
amino acids and purine and pyrimidine nucleotides. In contrast 
to Ec, cataholic pathways for several amino acids, including those 
for asparagine, histidine, leucine, lysine, and phenylalanine, are 
missing in both Pm and Hi. Pathways involved in sulfur uptake 
and metabolism as well as nitrogen and folic acid metabolism are 
present in the bacterium. Strains of Pm are known to use a 
number of carbohydrates, including sucrose, fructose, galactose, 
mannose, sorbitol, and ethanol, which is consistent with the 

Table 1. Summary of the complete genome of P. multocida 





No. of CDS 


% 


Number of CDS 


2,014 




Homologues to peptides 


1,814 


90 


Homologuesto hypothetical proteins 


531 


26 


CDS unique to Pm 


200 


10 


Homologues to Hi 


1,421 


71 


Homologues to Ec 


1,392 


69 


Orthologues to fc but not Hi 


223 


11 


Orthologues to Hi but not Ec 


195 


10 


CDS genome coverage 




89 


Overall GC% 




41 


Average molecular weight of proteins 


37,081 Kd 




Average gene size 


997 bp 




tRNAs 


57 




rRNA operons 


6 





D* values for CDSs 



Comparison 



Conserved (n = 774) 



Divergent (n = 243) 



Pm-Hi 
Pm-Ec 
Hi-Ec 



24.0 ±11.9 

59.1 ± 31.0 
613 ± 31.8 



68.4 ± 13.8 
162.4 ±79.9 
170.7 ±80.6 



*D, evolutionary distance for each pairwise comparison. 



presence of corresponding genes identified in our analysis (16). 
On the basis of the presence of identifiable orthologs, several 
additional carbohydrates, such as maltotriose, fucose, ribose, and 
sorbose, are also likely to be used by Pm. 

Evolutionary Relationships of Pm. Members of the Pasteurella, 
Haemophilus, and Escherichia genera belong to the y subdivision 
of the proteobacteria and include many of the most pathogenic 
Gram-negative bacteria. The availability of the complete ge- 
nome sequence from three members of this subdivision provided 
us with the ability to examine the comparative evolution of these 
organisms at a genomic scale. To determine evolutionary rela- 
tionships between Pm, Hi, and Ec, the 1,197 CDSs represented 
in all three organisms were aligned by clustalw, and the 
percentage of identical amino acids in aligned sequences was 
determined. We next calculated evolutionary distance (D) per 
Grishin (17) and tabulated the distribution of D for each 
pairwise comparison oiPm, Hi, and Ec for the 1,197 orthologs. 
The mean (±standard deviation) of the pairwise distances were: 
Pm-Hi56.6 ± 83.6;Pm-Ec 104.0 ± 89.1; dndPIi-Ec 114.5 ± 103.6. 
All three distributions were J-shaped with long tails, and sepa- 
ration of the orthologs outside the 1.5 interquartile range 
resulted in the identification of 243 divergent and 774 conserved 
CDSs (Table 2). Scatter plots of pairwise D values show near 
linear relationships (Fig. 3), indicating remarkable consistency in 
the rate of divergence of orthologous genes among these genera. 
Feng and Doolittle (18) calibrated Grishin's D against the fossil 
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Fig. 3. Genome-scale evolutionary comparisons between Pm, Hi, and Ec. 
Scatter plots were created from pairwise evolutionary distance (D) values, as 
described. The x axis represents the pairwise D value for Pm and Ec and the y 
axis represents the pairwise D value for either Hi and Ec or Pm and Hi as 
indicated, (a) Scatterplot for the 774 conserved sequences and 243 divergent 
sequences. (d) Dendrogram showing the evolutionary distance in millions of 
years between Pm, Hi, and fc. D values for each of the branch points are also 
presented. 
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Fig. 4. A comprehensive view of the biochemical processes involved in Pm pathogenicity. Orthologs previously identified as virulence factors in other organisms 
are represented. Principal functional categories are shown in bold. Potential coding sequences related to these functions are arranged within each correspond- 
ingly colored category. 



record for groups of vertebrates by plotting D versus time of 
divergence and obtained a slope of 0.088 that can be used to 
extrapolate evolutionary distance to time in millions of years. 
Applying this calibration to the 774 conserved genes, we estimate 
thatPm diverged from//; «* 270 mya (range, 138-407 mya) and 
separated from a common ancestor with Ec 680 mya (range, 
319-1,024 mya) (Fig. 3b). Together, these results place the root 



of the 7 division of the proteobacteria at ^680 mya, and confirm 
the relatively close relationship between the Pasteurella and 
Haemophilus genera (Fig. 3b). 

Virulence Factors of Pm. The molecular basis for Pm's pathoge- 
nicity and host specificity is not well understood. Our genomic 
analysis identified a total of 104 putative virulence-associated 
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Fig. 5. Analysis of PfhB domains. Homology comparisons among PfhB1 , PfhB2. from Pm, LspA1, LspA2, from H. ducreyi, FhaB from B. pertussis, and P76 from 
Haemophilus somnus are presented. Homologous domains are represented with the same colored boxes and the direct repeats in p76 and PfhA2 are patterned 
in blue. The N(P/Q)NG{l/M) extracellular processing motif is indicated and the integrin-binding protein motifs are shown as dark purple lines. 
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genes in Pm, which account for of the coding density of the 
genome (Fig. 4). In particular, we discovered a 24-kb region with 
two new potential Pm virulence factors and their accessory 
genes. The two potential virulence CDSs, here termed Pasteu- 
rella /ilamentous hemagglutinin (pfli)Bl zndpfhB2 t are 7,845 and 
11,757 base pairs, respectively, and are virtually identical in 
sequence with the exception of a large deletion in the central 
region oipfliBl (Fig. 5). Both PfhBl and PfhB2 contain domains 
with strong homology to the filamentous hemagglutinin (FhaB) 
of B. pertussis (19-21). FhaB governs the adherence of B. 
pertussis to host cells and is a major component of the acellular 
vaccines used to protect humans against whooping cough (22). 
Orthologs of this large protein have also been recently described 
in several other pathogens including Haemophilus ducreyi 
(LspAl and LspA2), Neisseria meningitidis, Serratia marcescens, 
Proteus mirahilis, and Pseudomonas aeruginosa (23-27). 

Several lines of evidence suggest that PfhBl and PfhB2 play a 
role in the virulence of Pm. First, the amino-terminal ends of 
PfhBl and PfhB2 have a conserved motif N(P/Q)NG(I/M) that 
is present in all members of this large protein family and is 
involved in posttranslational processing and extracellular signal- 
ing (Fig. 5; ref. 28). Second, the central region contains several 
integrin-binding motifs that also are characteristic of this family 
(29). The presence of these conserved motifs suggests that, 
similar to FhaB of B. pertussis, both PfhBl and PfhB2 are 
involved in adherence of bacterial cells to host cell surfaces. 
Third, the carboxy terminus contains regions with significant 
homology (66% amino acid identity) to the serum -resistance 
protein p76 of Haemophilus somnus (30). Expression of p76 
confers resistance to opsonization in //. somnus, thereby en- 
hancing pathogen survival in the host. Two approximately 400-aa 
direct repeats found in p76 are also present in PfhB2 (30). 
Interestingly, the carboxyl-terminal region of p76 shows homol- 
ogy to LspAl and LspA2 of H ducreyi, the causative agent of 
chancroid ulcers in humans (23). Taken together, these studies 
provide compelling evidence that the PfhB protein plays a major 
role in the virulence of Pm and that its inactivation may enable 
the development of well-defined live attenuated vaccines. 

Iron Uptake and Acquisition in Pm. Because of its central role in 
electron transport, iron is an essential nutrient for most organ- 
isms. The low solubility of iron at neutral pH leads to a relative 
paucity of free iron within hosts and creates a major barrier to 
microbial growth in vivo. To compete for this limiting nutrient, 
microbes have evolved a variety of novel strategies for acquiring 
iron (31). More than 2.5% (53 CDSs) of the Pm genome is 
devoted to genes encoding proteins homologous to known 
proteins involved in iron uptake or acquisition (Fig. 6). Further- 
more, several of these genes have undergone recent duplications 
(68-72% similar) in the Pm genome. For instance, Pm has a 
cluster of genes closely related to those encoding an iron 
transport system of Actinobacillus pleuropneumoniae (afuA, 
afuB, and afuC), but there are three copies of the afaA ortholog 
(Pm0953, 0954, and 0955; ref. 32) in the Pm70 genome. A second 
region (base pairs 520,397-528,389) of the Pm genome is rich in 
genes with homology to those linked to iron transport in the 
102-kb pigmentation locus in Yersinia pestis (33). The 102-kb 
region of Y. pestis contains, for example, the ybt locus involved 
in siderophore uptake and the hms locus involved in hemin 
storage. Although the orthologs for ybt and hms are not found 
in strain Pm70, 8 other CDSs located between these genes in Y 
pestis are present in the Pm70 genome. The predicted proteins 
of these eight CDSs contain transmembrane domains, and 
several are hypothesized to be members of the abc transporter 
family. One putative membrane CDS (Pm0446) contains a 
cytochrome c motif that provides a heme-binding site and 
another transmembrane CDS (Pm0453) contains a high-affinity 
iron permease motif. Because this region is not present in the Ec 
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Fig. 6. Hierarchical clustering of 53 Pm CDSs identified based on sequence 
comparisons to be involved in iron metabolism or to require iron as a co-factor. 
Fluorescent ratios representing relative expression profiles of Pm CDSs at 1 5, 
30, 60, and 120 min time points are shown in (Left). The red and green colors 
represent fold increase and decrease, respectively, in gene expression in 
response to low iron conditions (addition of the iron chelator, 2,2 '-dipyr idyl). 
Their corresponding open reading frames numbers and CDS descriptions are 
also shown. CDSs depicted in the same color are in close proximity to each 
other on the genome and may be a part of potential operons. 



or Hi genomes, it has either been deleted in those genomes or 
acquired by Pm through horizontal transfer. 

To elucidate other genetic systems involved in iron acquisition 
and metabolism, we used microarray technology to study pat- 
terns of gene expression in the Pm genome under iron depleted 
conditions. The results show that 174 of the CDSs showed a 
2-fold or greater change in expression for at least one of four 
time points (15', 30', 60', and 120') after growth under iron- 
limiting conditions. Hierarchical clustering of these 174 CDSs on 
the basis of their expression patterns revealed that 53% de- 
creased in expression in response to low-iron conditions, and 
47% increased in expression relative to the control. Among 
these, reduced expression was seen for orthologs to the frd and 
fax operons, both of which are involved in anaerobic energy 
metabolism and require iron to function (34, 35). In addition, 11 
homologues involved in glycolysis or electron transport were 
decreased in expression under low-iron conditions. Of the CDSs 
that increased in expression, 16 were homologous to iron -specific 
cation transport proteins. Other orthologs in this group include 
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the surface polysaccharide biosynthesis enzymes GruhA and 
Skp. Thirty-one percent of the 174 CDSs whose expression was 
significantly altered by low-iron levels are previously unde- 
scribed or have close homology only to hypothetical proteins. 
The remaining 1,760 CDSs were either poorly measured or did 
not change significantly over the course of the experiment. 
Additional data, including the original hybridization images, a 
list of the genes represented on the array, as well as all primary 
datasets can be found at our web site (http://www.cbc.umn.edu/ 
ResearchProjects/AGAC/Pm/Pmarraydata.html). 

To specifically examine the behavior of known iron-related 
genes, we performed a second hierarchical cluster analysis 
focused on 53 CDSs with homology to iron- binding or uptake 
genes (Fig. 6). Several iron-related families of genes tended to 
cluster close to each other in terms of their expression profiles. 
Especially notable was the overall increase in expression of the 
fee, yfe, and tonE gene families. Yfe was previously identified in 
Yersinia pestis as an abc iron transport system (36), whereas fee 
and tonB were characterized as periplasmic-binding-protein- 
dependent iron transporters (37). Similarly, Pm0451 and 0452, 
which are orthologs to genes in the 102-kb pigmentation locus, 
were also up -regulated. In contrast, genes homologous to the afu 
family of periplasmic-binding-protein- dependent iron transport 
genes showed an overall decrease in expression (34). Taken 
together, these findings indicate that whole -genome expression 
studies made possible with the knowledge of the complete 
genome sequence provide a rich source of new hypotheses and 



insights for future research into the molecular basis of patho- 
genesis of Pm. 

Concluding Statement. In summary, the entire genome sequence 
and preliminary functional analyses have identified a variety of 
virulence factors for possible investigation in this major animal 
and human pathogen. Furthermore, the availability of the ge- 
nome sequence provides a foundation for future research into 
the epidemiology, evolution, and mechanisms of pathogenesis 
and host specificity of Pm. 
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NiceZyme View of ENZYME: EC 3.6.3.14 

Official Name 

H(+)-transporting two-sector ATPase. 

Alternative Narne(s) 

ATP synthase. 

F(1)-ATPase. 

F(o)F(1)-ATPase. 

F(0)F(1)-ATPase. 

H(+)-transporting ATP synthase, 

H(+)-transporting ATPase. 

Mitochondrial ATPase. 

Chloroplast ATPase. 

Reaction catalysed 

ATP + H(2)Q + H(+)(ln) <=> ADP + phosphate + H(+)(Out) 

Comments) 

• A multisubunit non-phosphorylated ATPase that is involved in the transport of ions. 

• Large enzymes of mitochondria, chloroplasts and bacteria with a membrane sector (F(( 
cytoplasmic-compartment sector (F(1 ), V(1), A(1)). 

• The F-type enzymes of the inner mitochondrial and thylakoid membranes act as ATP s 

• All of the enzymes included here operate in a rotational mode, where the extramembra 
alpha- and 3 beta- subunits) is connected via the delta-subunit to the membrane sector 
subunits. 

• Within this complex, the gamma- and epsilon-subunits, as well as the 9-12 c subunits r- 
degree angles and perform parts of ATP synthesis. 

• This movement is driven by the H(+) electrochemical potential gradient. 

• The V-type (in vacuoles and clathrin-coated vesicles) and A-type (archaeal) enzymes h 
under physiological conditions, they pump H(+) rather than synthesize ATP. 

• Formerly EC 3.6.1.34. 
Human Genetic Disease(s) 

Neuropathy, ataxia, and retinitis pigmentosa M I M: 55 1500 

Distal renal tubular acidosis with deafness M I M: 267300 
Cross-references 
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ATPA_ 


GALSU; 


Q9ZK79, 


ATPA_ 


HE LP J; 


P49375, 


ATPA_ 


KLULA; 


Q9BBS3, 


AT PA" 


LOTJA; 


Q9MUT2, 


ATPA_ 


_MESVI ; 


P33252, 


AT PA] 


]MYCGA; 


Q50329, 


AT PA] 


]MYCPN; 


Q07405, 


AT PA] 


JVIYXXA; 


Q40611, 


AT PA] 


]0CHNE; 


P12084, 


AT PA] 


]oRYSA; 


P41602, 


ATPA_ 


PI NTH; 


P05439, 


AT PA] 


]RHOBL; 


Q92G86, 


AT PA] 


_RICCN; 


P06450, 


AT PA] 


]sPIOL; 


Q6GEX0, 


ATPA_ 


]sTAAR; 



P07513, 


ATP8_ 


OENBE ; 


Q36453, 


ATP8_ 


ORNAN; 


Q35647, 


ATP8_ 


PANTR; 


Q9T9D5, 


ATP8_ 


PAROL; 


Q35537, 


ATP8_ 


PETMA; 


P48882, 


ATP8_ 


]PICCA; 


Q02653, 


ATP8_ 


]P0DAN; 


P92896, 


ATP8_ 


PONPP; 


079431, 


ATP8_ 


RABIT; 


099820, 


ATP8_ 


RHISA; 


Q9XN35, 


ATP 8] 


SALFO; 


Q9MEV6, 


ATP 8] 


J5CIVU; 


Q9ZZ50, 


ATP 8] 


]SQUAC; 


Q9MJB2, 


ATP 8] 


JALEU; 


P03931, 


ATP 8] 


]XENLA; 


Q37377, 


ATP 9] 


ACACA; 


P14571, 


ATP 9] 


]BETVU; 


P48880, 


ATP 9] 


CHOCR; 


P17254, 


ATP 9] 


]HELAN; 


P00840, 


ATP 9] 


]MAIZE; 


P26855, 


ATP 9] 


MARPO; 


P14863, 


ATP 9] 


]oRYSA; 


P60118, 


ATP 9] 


]PETHY; 


Q06838, 


ATP 9] 


]PICPJ; 


P21537, 


ATP9_ 


SCHPO; 


P60116, 


ATP 9] 


]T0BAC; 


P13547, 


ATP 9] 


WHEAT; 


P61829, 


ATP9 


YEAST; 


P19482, 


ATPA2_BOVIN 


P92549, 


AT P AM_ARAT H 


P22201, 


AT PAM_BRAN A 


P26854, 


AT P AM_MAR P 0 


P15998, 


ATPAMJDRYSA 


P68541, 


AT PAM_RAP S A 


P12862, 


ATP AM WHEAT 


Q02848, 


ATPA_ 


_ANTSP; 


Q9K6H3, 


AT PA] 


]BACHD; 


P22477, 


AT PA] 


]BACPF; 


P26965, 


AT PA] 


]BRYMA; 


Q89B41, 


ATPA_ 


_BUCBP; 


Q9Z689, 


AT PA] 


CLOAB; 


P48080, 


ATPA_ 


_CYAPA; 


P26679, 


ATPA_ 


JSNTHR ; 


078475, 


AT PA] 


]GUITH; 


P55987, 


AT PA] 


]HELPY; 


Q9CER8, 


AT PA] 


]LACLA; 


P05022, 


AT PA] 


]mAIZE; 


Q03265, 


ATPA_ 


MOUSE; 


P47641, 


AT PA] 


_MYCGE; 


Q98QB7, 


AT PA] 


_MYCPU; 


Q9TL16, 


AT PA] 


_NEPOL; 


Q00820, 


AT PA] 


ODOSI; 


Q9CKW2, 


AT PA] 


PASMU; 


P51242, 


AT PA] 


PORPU; 


P72245, 


ATPA_ 


RHOCA; 


O50288, 


ATPA_ 


]RICPR; 


P63675, 


AT PA] 


STAAM; 


Q6G7K5, 


AT PA] 


STAAS; 
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Q8CNJ5, 


ATPA_ 


STAEP; 


Q05372, 


AT PA] 


_SYNP1; 


P41167, 


AT PA] 


]THIFE; 


Q9KNH3 , 


AT PA] 


]VIBCH; 


P07251, 


atpa" 


"YEAST ; 


P38482, 


AT PBM_CH LRE 


P19023, 


AT PBM_MAI Z E 


P81663, 


ATPBM PINPS 


003062, 


ATPB_ 


_ADICA; 


P62614, 


atpb] 


"AEGCR; 


Q31794, 


atpb] 


"ANTFO; 


P19366, 


atpb] 


ARATH; 


P41009, 


atpb] 


BACCA; 


Q9K6H5, 


atpb] 


_BACHD; 


P22478, 


atpb] 


"BACPF; 


Q9TMV0, 


atpb] 


]beare; 


P83505, 


atpb] 


]BRARA; 


Q07232, 


ATPB_ 


BUCAP; 


P46561, 


ATPB_ 


CAEEL; 


Q9MU80, 


ATPB_ 


CHASI; 


Q8KAC9 , 


ATPB_ 


_CHLTE ; 


Q9Z687, 


atpb] 


_CLOAB; 


P30399, 


atpb] 


]CUSRE; 


Q9PTY0, 


atpb] 


]CYPCA; 


003067, 


atpb] 


]DICAN; 


Q24751, 


atpb] 


]DROVI ; 


003069, 


atpb] 


]EQUAR; 


Q08807, 


atpb] 


GALSU; 


P43715, 


ATPB_ 


_HAEIN; 


Q25117, 


atpb] 


]HEMPU; 


P06576, 


atpb] 


]HUMAN; 


P07137, 


atpb] 


_IP0BA; 


Q9CES0, 


atpb] 


_ LAC LA; 


Q9BBU0, 


atpb] 


~LOTJA; 


Q9TKI7, 


atpb] 


]MEDSA; 


003075, 


ATPB_ 


MICSZ; 


P63678, 


ATPB_ 


MYCBO; 


P45823, 


atpb] 


_MYCLE; 


P63677, 


atpb] 


"MYCTU; 


P69369, 


atpb] 


^NICBI; 


P26531, 


atpb] 


"NICSP; 


P12085, 


atpb] 


]oRYSA; 


P05037, 


atpb] 


]PEA; 


P80658, 


atpb] 


]PHYPA; 


P51259, 


atpb] 


_PORPU; 


003079, 


atpb] 


]PTEAQ; 


Q9MTG8 , 


atpb] 


]RAPSA; 


P72247, 


atpb] 


]RHOCA; 


O50290, 


atpb] 


]RICPR; 


Q9OTX9, 


atpb] 


]SCHSP; 


P99112, 


atpb] 


STAAN; 


P63680, 


atpb] 


STAAW; 


P0A300, 


atpb_ 


_STRCO; 


P95789, 


atpb] 


]STRMU; 


P26527, 


atpb] 


]SYNY3; 


P00826, 


atpb] 


]TOBAC; 


Q9KNH5, 


atpb] 


VlBCH; 


P00830, 


ATPB 


YEAST; 



P50001, 


ATPA_ 


_STRLI ; 


P08449, 


atpa] 


]SYNP6; 


P00823, 


ATPA_ 


JTOBAC ; 


P12112, 


atpa] 


]WHEAT; 


P43395, 


AT PBM_ACT C H 


P37399, 


ATPBM_DAUCA 


P17614, 


AT PBM_NI C P L 


P80083, 


ATPBM_SPIOL 


O03064, 


ATPB_ 


ADIRA; 


P06540, 


atpb] 


ANAS P ; 


067828, 


atpb] 


_AQUAE ; 


003063, 


atpb] 


]ASPND; 


P25075, 


atpb] 


]BACFI ; 


P12698, 


atpb] 


]BACME ; 


P42006, 


atpb] 


]BACST; 


003066, 


atpb] 


]BLEOC; 


Q9MRR9, 


atpb] 


]BRASC; 


Q89B39, 


atpb] 


]BUCBP; 


P99504, 


atpb_ 


]CANFA; 


P35110, 


ATPB_ 


_CHLLI ; 


P42465, 


ATPB_ 


CHLVI ; 


Q8XID4, 


ATPB_ 


CLOPE; 


Q9TM41, 


ATPB_ 


]CYACA; 


P13357, 


ATPB_ 


CYTLY; 


P30158, 


ATPB_ 


DICDH; 


P00824, 


ATPB_ 


ECOLI; 


P31476, 


ATPB_ 


_EUGGR ; 


Q9LA80, 


atpb] 


]GE0TH; 


QSZK81, 


ATPB_ 


_HELPJ; 


P42466, 


ATPB_ 


_HERAU; 


Q9BA84, 


ATPB_ 


_HYOLA; 


P49376, 


atpb] 


]KLULA; 


Q9RAU0, 


ATPB_ 


]lACLC; 


P00827, 


atpb] 


]MAIZE; 


Q9MUT5, 


ATPB_ 


MESVI; 


Q8MBF7, 


ATPB_ 


_MONCA; 


P33253, 


ATPB_ 


MYCGA; 


Q50331, 


ATPB_ 


_MYCPN; 


Q9TL34, 


atpb] 


]NEPOL; 


P69370, 


atpb] 


_NICPL; 


P49647, 


atpb] 


_ODOSI; 


O03077, 


atpb] 


]0SMCI ; 


Q03235, 


atpb] 


]PECFR; 


047037, 


atpb] 


]PICAB; 


P50003, 


atpb] 


]PR0DI ; 


003080, 


atpb] 


]PTEES; 


P10719, 


atpb] 


]RAT; 


P05038, 


atpb] 


]RHORU; 


Q07233, 


atpb] 


]SCHGA; 


P00825, 


atpb] 


]SPI0L; 


Q6GEX2, 


atpb] 


]STAAR; 


Q8CNJ7, 


atpb] 


]STAEP; 


P21933, 


atpb_ 


_STRDO; 


Q05373, 


atpb] 


]SYNP1; 


050550, 


atpb_ 


_THEMA; 


003085, 


atpb] 


]VANDA; 


P20858, 


atpb] 


]WHEAT; 


Q92196, 


atpd" 


"AGABI ; 
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Q02849, 


ATPD_ 


_ANTSP; 


Q9K6H2, 


atpd] 


]bACHD; 


P22479, 


atpd] 


~BACPF; 


P05630, 


atpd" 


"bovin; 


Q89B42, 


atpd" 


~BUCBP; 


Q9TM27, 


atpd] 


]cYACA; 


P26680, 


atpd] 


~ENTHR; 


P43717, 


atpd] 


~HAEIN; 


P80285, 


atpd] 


_MICLU; 


P33254, 


atpd] 


~MYCGA; 


Q50328, 


atpd] 


~MYCPN; 


P56525, 


atpd] 


~NEUCR; 


Q02758, 


atpd] 


]PEA; 


P35434, 


atpd] 


~RAT; 


P05438, 


atpd] 


_RH0RU; 


Q9P6R6, 


atpd] 


J5CHP0; 


P63658, 


atpd] 


_STAAM; 


Q6G7K4, 


atpd] 


_STAAS; 


050156, 


atpd] 


~STRB0; 


P0A2Z4, 


atpd] 


_STRPN; 


P08448, 


atpd] 


_SYNP6; 


P32980, 


atpd" 


TOBAC; 


Q8XU77, 


ATPE 1_RALS0 


P69445, 


ATPE_ 


_AEGC0; 


Q70XZ7, 


atpe] 


~AMBTC; 


066903, 


atpe] 


~AQUAE ; 


Q72XE9, 


atpe] 


_BACC1; 


Q630U4, 


atpe] 


~BACCZ; 


P12699, 


atpe] 


~BACME; 


Q5WB79, 


atpe] 


~BACSK; 


Q6G1X0, 


atpe] 


]bARHE ; 


Q7WEN0, 


atpe] 


_B0RBR ; 


Q89X75, 


atpe] 


~BRAJA; 


P57125, 


atpe] 


]bUCAI ; 


Q62FR4, 


atpe] 


"BURMA; 


Q9PJ18, 


atpe] 


~CAM JE ; 


Q8M9X7, 


atpe] 


~CHAGL; 


Q8KAC8 , 


atpe] 


~CHLTE; 


Q9Z686, 


atpe] 


~CL0AB; 


Q6NHS8 , 


atpe] 


~C0RDI ; 


Q83AF4, 


atpe] 


]cOXBU; 


Q85FT3, 


atpe] 


_CYAME; 


Q72E05, 


atpe] 


~DESVH; 


P58646, 


atpe] 


~EC057; 


P43453, 


atpe] 


~ENTHR; 


Q8RGE3 , 


atpe] 


~FUSNN; 


Q7NHG9 , 


atpe] 


~GLOVI ; 


Q7VPN9, 


atpe] 


~HAEDU; 


Q9ZK82, 


atpe] 


_HELPJ; 


P07138, 


atpe] 


"iPOBA; 


Q9RAT9, 


atpe] 


_LACLC; 


Q8F2J6, 


atpe] 


"LEPIN; 


Q8Y4C2, 


atpe] 


~LISMO; 


Q65Q08, 


atpe] 


JYtANSM; 


Q9MUT4, 


atpe] 


_MESVI; 


P63663, 


atpe] 


~MYCBO; 


P45822, 


atpe] 


"MYCLE; 


Q50332, 


atpe] 


~MYCPN; 



Q757N0, 


ATPD_ 


_ASHGO; 


P17675, 


atpd] 


BACME ; 


P42008, 


atpd] 


_BACST; 


P57121, 


atpd] 


]BUCAI ; 


Q09544, 


atpd] 


]CAEEL; 


P48082, 


atpd" 


]CYAPA; 


P35010, 


ATPD_ 


]GALSU; 


P30049, 


atpd" 


]HUMAN; 


Q9D3D9, 


ATPD_ 


]M0USE; 


P47642, 


atpd" 


]MYCGE; 


Q98QU2, 


ATPD_ 


_MYCPU; 


Q40610, 


atpd" 


]0CHNE ; 


Q95312, 


atpd_ 


]PIG; 


P05437, 


atpd_ 


]RHOBL; 


Q92G85, 


atpd] 


]RICCN; 


Q07300, 


atpd_ 


]S0RBI; 


P99109, 


atpd_ 


]STAAN; 


P63659, 


atpd_ 


]STAAW; 


P50008, 


atpd_ 


STRLI ; 


P0A2Z5, 


atpd] 


]STRR6; 


P27180, 


atpd] 


]SYNY3; 


P12987, 


atpd" 


"VIBAL; 


Q8XRM1, 


ATPE2_RALSO 


P69446, 


ATPE_ 


_AEGCR; 


P06542, 


atpe] 


_ANASP; 


P09468, 


ATPE_ 


_ARATH; 


P41012, 


atpe] 


]BACCA; 


Q9K6H6, 


atpe] 


BACHD; 


P07678, 


atpe] 


BACP3; 


P42009, 


atpe_ 


BACST; 


Q6FYM4, 


ATPE_ 


_BARQU ; 


Q7W3B1, 


atpe] 


]BORPA; 


P63660, 


atpe] 


]BRUME ; 


051871, 


atpe_ 


]BUCAP; 


Q63PI1, 


atpe_ 


BURPS ; 


Q7VQV5, 


atpe] 


_CANBF; 


P35111, 


atpe_ 


]CHLLI ; 


P32979, 


ATPE_ 


]CHLVU; 


Q8XID5, 


ATPE_ 


]CL0PE; 


Q8FQ19, 


ATPE_ 


]C0REF; 


P30400, 


atpe] 


CUSRE; 


P48083, 


atpe] 


_CYAPA; 


Q9S5B5, 


atpe] 


_DESVM; 


P00832, 


atpe] 


ECOLI ; 


Q6CYJ6, 


atpe] 


ERWCT; 


Q08808, 


atpe] 


GALSU; 


Q6B8S5, 


atpe] 


GRATL; 


P43718, 


atpe] 


HAEIN; 


P56084, 


atpe] 


_HELPY; 


Q9RGY0, 


atpe_ 


]LACAC; 


Q8 8UU4, 


atpe] 


_LACPL; 


Q927W5, 


atpe] 


_LISIN; 


Q9BBT9, 


atpe_ 


]L0TJA; 


P06285, 


atpe" 


MARPO; 


P80286, 


atpe] 


]MICLU; 


P33255, 


atpe] 


MYCGA; 


Q6KI83, 


atpe] 


MYCMO; 


Q98QU6, 


atpe] 


"MYCPU; 



http://us.expasy.org/cgi -bin/nicezyme.pl?3.6.3. 14 



5/1 1/05 



ScanProsite Results Viewer 



Page 7 of 11 



Q9JW69, 


ATPE 


_NEIMA; 


Q820S4, 


ATPE* 


_NITEU; 


Q8EM84, 


atpe" 


_0CEIH; 


Q6ENG8 , 


ATPE* 


_0RYNI ; 


Q9CKW0, 


atpe" 


_PASMU; 


O47036, 


ATPE* 


_PICAB; 


P51260, 


ATPE* 


_P0RPU; 


Q7VA7 5, 


ATPE* 


_PR0MA; 


Q9TJR8 , 


atpe" 


_PR0WI ; 


Q87TT5, 


atpe' 


_PSESM; 


Q98EV9, 


ATPE* 


_RHIL0; 


P05441, 


ATPE* 


_RH0BL; 


P05442, 


ATPE* 


_RH0RU; 


Q68VU9, 


ATPE* 


_RICTY; 


P0A1B8, 


ATPE* 


_SALTI; 


P00833, 


atpe" 


_SPI0L; 


Q6GEX3, 


atpe" 


JSTAAR; 


Q8CNJ8 , 


atpe" 


_STAEP; 


Q82J85, 


atpe] 


_STRAW; 


P0A2Z7, 


atpe" 


_STRLI; 


Q5XCX9, 


atpe" 


_STRP6; 


Q9A0I6, 


atpe" 


_STRPY; 


Q67TB6, 


atpe" 


_SYMTH; 


P0A2Z9, 


atpe" 


_SYNP6; 


P26533, 


atpe" 


_SYNY3; 


P41171, 


atpe" 


_THIFE; 


P12988, 


atpe" 


_VIBAL; 


Q8DDG7 , 


atpe] 


_VIBVU; 


Q8D3J2, 


atpe" 


_WIGBR; 


Q8PCZ4 , 


atpe] 


_XANCP; 


P58647, 


atpe] 


_YERPE; 


Q85AL8, 


atpf] 


_ANTF0; 


Q758L2, 


atpf] 


_ASHG0; 


P20601, 


atpf] 


_BACME; 


P37814, 


atpf] 


_BACSU; 


Q89B43, 


atpf] 


_BUCBP; 


P56296, 


atpf] 


CHLVU; 


P48084, 


atpf" 


_CYAPA; 


P30393, 


atpf] 


_EUGGR; 


P43720, 


atpf] 


~HAEIN; 


013349, 


atpf] 


_KLULA; 


Q9BBS4 , 


ATPf] 


~L0TJA; 


Q9MUT1, 


atpf] 


~MESVI; 


P47643, 


atpf" 


~MYCGE; 


P63656, 


atpf" 


~MYCTU; 


Q40609, 


atpf" 


_OCHNE; 


P12087, 


atpf] 


"]oRYSA; 


062939, 


atpf] 


~PI NTH; 


Q92JP3, 


atpf] 


~RICCN; 


P06453, 


atpf] 


~SPI0L; 


P0A2Z2, 


atpf] 


"STRPN; 


P08447, 


atpf] 


~SYNP6; 


P06290, 


atpf] 


~TOBAC; 


Q87KA4, 


atpf] 


"VIBPA; 


P05626, 


atpf" 


"YEAST ; 


Q96250, 


ATPG3 ARATH 


P12408, 


ATPG_ 


ANAS P ; 


P20602, 


atpg" 


"BACME; 



Q9JXQ3, 


ATPE_ 


_NEIMB; 


Q5Z0YO, 


atpe] 


]NOCFA; 


P49648, 


atpe] 


JDDOSI; 


P12086, 


atpe] 


JDRYSA; 


P05039, 


atpe] 


]PEA; 


Q85X21, 


atpe] 


]piNKO; 


Q6A8C8, 


atpe] 


]PROAC; 


Q7TUS2, 


atpe] 


]PR0MM; 


Q9HT21, 


atpe] 


]PSEAE; 


Q8WI12, 


atpe] 


]PSINU; 


Q92LK9, 


atpe] 


_RHIME; 


P72248, 


atpe] 


]RH0CA; 


Q92G89, 


atpe" 


]RICCN; 


050143, 


ATPE_ 


RUMAL; 


P0A1B7, 


ATPE] 


]SALTY; 


P63664, 


atpe" 


~_STPJWl; 


Q6G7K8, 


ATPE_ 


J3TAAS; 


Q8E5U7, 


atpe] 


]STRA3; 


050160, 


atpe] 


]sTRBO; 


P95790, 


atpe" 


]STRMU; 


P63670, 


atpe" 


]STRP8; 


P63668, 


atpe] 


]STRR6; 


Q8DLG7, 


atpe" 


]SYNEL; 


P0A2Z8, 


atpe" 


SYNP7 ; 


Q9X1U5, 


ATPE_ 


THEMA; 


P00834, 


ATPE_ 


TOBAC; 


Q9KNH6, 


atpe" 


[VIBCH; 


Q7MGI1, 


atpe" 


VlBVY; 


Q7MSF4, 


ATPE_ 


WOLSU; 


Q9PE86, 


ATPE_ 


_XYLFA; 


Q663Q9, 


atpe" 


]YERPS ; 


Q02850, 


ATPF_ 


]ANTSP; 


P41014, 


ATPF_ 


]BACCA; 


P09221, 


ATPF_ 


]BACP3; 


P57120, 


ATPF_ 


]BUCAI ; 


Q6FRW0, 


ATPF_ 


]CANGA; 


O05098, 


atpf"] 


]CL0AB; 


P00859, 


atpf" 


]EC0LI; 


P35011, 


atpf" 


]GALSU; 


Q9ZK77, 


ATPF_ 


]HELPJ/ 


P0A2Z0, 


ATPF_ 


]LACLA; 


P48186, 


atpf] 


]MAIZE; 


P63657, 


atpf] 


MYCBO; 


P45827, 


atpf" 


MYCLE ; 


Q9TL15, 


atpf_ 


NEPOL; 


Q00822, 


ATPF_ 


]0D0SI; 


Q870C4, 


ATPF_ 


]PARBR; 


P51244, 


ATPF_ 


]P0RPU; 


Q9ZEC4, 


ATPF_ 


]RICPR; 


P50013, 


ATPF_ 


]STRLI ; 


P0A2Z3, 


ATPF_ 


]STRR6; 


P27181, 


ATPF_ 


]SYNY3; 


P12989, 


ATPF_ 


VIBAL; 


Q8DDH2 , 


ATPF 


VIBVU; 


Q01908, 


AT P G 1_ARAT H 


P26360, 


ATPG3 IPOBA 


P41010, 


ATPG_ 


BACCA; 


P09222, 


ATPG 


BACP3 ; 
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P42007, ATPG BACST, 


P37 810, ATPG BACSU 


P57123, ATPG BUCAI, 


051873, ATPG BUCAP 


P12113, ATPG CHLRE, 


O01666, ATPG DROME 


P43452, ATPG ENTHR, 


P43716, ATPG HAEIN 


P56082, ATPG HELPY, 


P36542, ATPG HUMAN 


Q9CER9, ATPG LACLA, 


Q60189, ATPG METMA 


P63672, ATPG MYCBO, 


P33257, ATPG MYCGA 


P45824, ATPG MYCLE, 


Q50330, ATPG MYCPN 


Q06908, ATPG ODOSI, 


Q3L6BS, ATPG PASMU 


Q41075, ATPG PHATR, 


P35435, ATPG RAT; 


P72246, ATPG RHOCA, 


P07227, ATPG RHORU 


074754, ATPG SCHPO, 


P05435, ATPG SPIOL 


P50007, ATPG STRLI , 


P95788, ATPG STRMU 


P08450, ATPG SYNP6, 


P17253, ATPG SYNY3 


P29790, ATPG TOBAC, 


P12990, ATPG VIBAL 


P61172, ATPH ANTFO, 


Q02851, ATPH ANTSP 


Q37304, ATPH CHLRE , 


P56297, ATPH CHLVU 


P48086, ATPH CYAPA, 


PI 0603, ATPH EUGGR 


078479, ATPH GUITH, 


P69194, ATPH LOTJA 


P62481, ATPH MARPO, 


Q9MUT0, ATPH MESVI 


Q42969, ATPH OCHNE, 


Q00824, ATPH ODOSI 


P69450, ATPH ORYSA, 


P28530, ATPH PAVLU 


P41603, ATPH PINTH, 


P51246, ATPH PORPU 


P69447, ATPH SPIOL, 


P06286, ATPH TOBAC 


Q85AE6, ATPI ANTFO, 


Q02847, ATPI ANTSP 


P69371, ATPI ATRBE , 


O63075, ATPI CHLRE 


Q9TM31, ATPI CYACA, 


P30391, ATPI EUGGR 


O78480, ATPI GUITH, 


Q9BBS5, ATPI LOTJA 


P06289, ATPI MARPO, 


Q9MUS9, ATPI MESVI 


Q40607, ATPI OCHNE, 


Q00825, ATPI ODOSI 


P12083, ATPI ORYSA, 


P28529, ATPI PAVLU 


P41604, ATPI PINTH, 


P51247, ATPI PORPU 


P69372, ATPI TOBAC, 


Q9XPT0, ATPI WHEAT 


Q28851, ATPK BOVIN, 


Q22021, ATPK CAEEL 


P56134, ATPK HUMAN, 


P56135, ATPK MOUSE 


094377, ATPK SCHPO, 


Q06405, ATPK YEAST 


066564, AT PL AQUAE, 


P25966, AT PL BACAO 


P20603, AT PL BACME, 


P00845, AT PL BACP3 


P42011, AT PL BACST, 


P37815, AT PL BACSU 


05187 7, AT PL BUCAP, 


Q89B44, AT PL BUCBP 


P68701, AT PL EC057, 


P68700, AT PL EC0L6 


P26682, AT PL ENTHR, 


P43721, AT PL HAEIN 


P56087, AT PL HELPY, 


Q57674, AT PL MET JA 


P33258, AT PL MYCGA, 


P47644, AT PL MYCGE 


Q59550, AT PL MYCPN, 


P63691, AT PL MYCTU 


P15014, AT PL RHORU, 


Q92JP1, AT PL RICCN 


P68703, AT PL SALT I 


P68704, AT PL SALTY 


P0A304, AT PL STRCO 


P0A305, AT PL STRLI 


P50017, AT PL STROR 


P0A306, AT PL STRPN 


P62020, AT PL SULAC 


P62021, AT PL SULTO 


P08445, AT PL SYNP6, 


P27182, AT PL SYNY3 


Q9PR08, AT PL UREPA, 


P0A309, AT PL VIBAL 


P68706, AT PL YERPE, 


Q18803, ATPN CAEEL 


Q96251, ATPO ARATH, 


Q75E23, ATPO ASHGO 


P90921, ATPO CAEEL, 


Q6FSD5, ATPO CANGA 


P48047, ATPO HUMAN, 


P22778, ATPO IPOBA 


Q9DB20, ATPO MOUSE, 


Q9P602, ATPO NEUCR 


Q06647, ATPO RAT; 074479, ATPO SCHPO 
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P80087 



P12410 



P48085 



Q40608 



P15015 



P08446 



Q34171 



P52607 



Q89AZ7 
Q9ZJJ3 



P26465 



Q887B5 
P62018 



P43436 



P43438 



P0A1C0 



P0A1C2 



Q9W4P5 
P61420 



Q25531 
013753 



Q20591 



P40682 



054715 



P48602 



P50516 



083441 



Q04238 



083541 



023654 



Q39442 



P38078 



Q9Z993 
P48414 



006504 



Q9HNE3 
Q40002 



Q8TIJ1 
Q8TWL6 
P11592 



Q03498 
Q8U4A6 
Q8K8T1 



Q971B7 
Q56403 
P17255 



Q43432 
083442 
Q43433 



P62814 



Q9YF36 
051120 



P49712 



Q9Z992 
Q9RWG7 



Q9HNE4 
P31410 



P22663 



ATPO_SPIOL; 

ATPX_ANASP; 

ATPX_CYAPA; 

ATPX_0CHNE; 

ATPX_RHORU; 

ATPX_SYNP6; 

FLII_AGRT5; 

FLII_BORBU; 

FLII_BUCBP; 

FLII_HELPJ; 

FLI I_SALTY ; 

HRCN_PSESM; 

MTPE_SULAC; 

NTPE_ENTHR; 

NTPH_ENTHR; 

SPAL_SALTI; 

SPALJSHISO; 

V0Dl_DROME; 

VA0D_BOVIN; 

VAOD_MANSE; 

VA0D_SCHPO; 

VAO H_CAE EL; 

VAS1_B0VIN; 

VAS1_RAT; 

VATA1_DR0ME; 

VATA1_M0USE; 

VATA1JTREPA; 

VAT A2 _E QUAR ; 

VATA2_TREPA; 

VATA_ARATH; 

V AT A_B E T VU ; 

VATA_CANTR; 

VATA_CHLPN; 

VAT A_C Y ACA ; 

VATA_DESSY; 

VATA_HALN1; 

VATA_HORVU; 

VATA_METAC; 

VAT A_ME T KA ; 

VATA_NEUCR; 

VAT A_ P LAFA ; 

VATA_PYRFU; 

VATA_STRP3; 

VATA_SULT0; 

VATA_THET8; 

VAT A_ Y E AS T ; 

VATBl_GOSHI; 

VATB 1_TRE PA; 

VATB2_G0SHI; 

VATB2_M0USE; 

VATB_AERPE; 

VATB_B0RBU; 

VATB_CHICK; 

VAT B_C H L PN ; 

VATB_DE I RA; 

VATB_HALN1; 

VAT B_H E LV I ; 

VATB METBA; 



P09457 



Q02852 



P35012 



Q00823 



P31853 



P27183 



067531 
P57178 



005528 



007025 



083417 



Q52371 



P62019 



P43437 



P43440 



P0A1B9 



P74857 



Q9LHA4 



P54641 



P51863 



P32366 



Q9BDP4 
Q15904 
Q38676 



Q04236 
Q29048 
Q38677 



P38607 



016109 



029101 



051121 



Q822J8 
084310 



P09469 



P54647 



P25163 



P49087 



P22662 



Q60186 



P13548 



Q9UXU7 
057728 



P09639 



Q9P997 
Q97CQ0 



Q38681 
Q40078 
Q38680 



Q40079 
P62815 



P11574 



Q19626 
Q822J9 
084309 



006505 



P25164 



P31401 



Q57669 



ATPO_YEAST 

ATPX_ANTSP 

ATPX_GALSU 

ATPX_OD0SI 

ATPXJSPIOL 

ATPX_SYNY3 

FLII_AQUAE 

FLII_BUCAI 

FLII_CAUCR 

FLII_HELPY 

FLII_TREPA 

HRCN_PSESY 

MTPE_SULTO 

NTPF_ENTHR 

NTPJ_ENTHR 

SPAL_SALTY 

SSAN_SALTY 

V0D2_ARATH, 

VA0D_DICDI 

VA0D_MOUSE 

VAO D_Y EAST 

VAO H_CAN FA 

VAS1_HUMAN 

VATA1_ACEAT 

VATA1_E QUAR 

VATA1_PIG; 

VAT A2 _AC EAT 

VATA2_HU3yi7VN 

VATA_AEDAE 

VAT A_AR C FU 

VATA_B OR BU 

VATA_CHLCV 

VATA__CHLTR 

VATA_DAUCA 

VATA_DICDI 

VAT A_HAL S A 

VAT A_MAI Z E 

VAT A_ME T B A 

VAT A_ME TMA 

VATA_PHAAU 

VAT A_ P Y RAB 

VATA_PYRHO, 

VATA_SULAC, 

VATA_THEAC , 

VATA_THEVO, 

VATB 1_ACEAT 

VATB1_H0RVU 

VATB2_ACEAT 

VATB2_H0RVU 

VATB2_RAT; 

VAT B_ARAT H 

VATB_CAEEL 

VATB_CHLCV 

VATB_CHLTR 

VATB_DESSY 

VAT B_HALS A 

VATB_MANSE 

VATB METJA 
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O27035, 


VATB_ 


METTH; 


P20022, 


VATB_ 


METTL; 


Q25691, 


VATB_ 


*PLAFA; 


Q9UXU8, 


VATB_ 


~PYRAB; 


Q8U4A5, 


VATB_ 


"PYRFU; 


057729, 


VATB_ 


"PYRHO; 


P13052, 


VATB_ 


SULAC; 


Q9UWW8, 


VATB_ 


SULSO; 


Q9HM64, 


VATB_ 


THEAC; 


032467, 


VATB_ 


THESI; 


Q97CP9, 


VATB_ 


THEVO ; 


Q26976, 


VATB_ 


TRYCO; 


Q9SDS7, 


VATC_ 


ARATH; 


029103, 


VATC_ 


ARCFU; 


P21282, 


VATC_ 


BOVIN; 


Q9XXU9, 


VATC_ 


CAEEL; 


006502, 


VATC_ 


~DESSY; 


P54648, 


VATC_ 


~DICDI; 


Q9HNE1, 


VATC_ 


"HALN1; 


Q48330, 


VATC_ 


"HALVO; 


P21283, 


VATC_ 


HUMAN; 


Q9U5N1, 


VATC_ 


MANSE; 


Q57672, 


VATC_ 


METJA; 


Q60184, 


VATC_ 


METMA; 


Q9Z1G3, 


VATC_ 


MOUSE; 


Q9UXU5, 


VATC_ 


PYRAB; 


057726, 


VATC_ 


PYRHO; 


Q9HDW6, 


VATC_ 


SCHPO; 


P74902, 


VATC_ 


~THET8; 


Q97CQ2, 


VATC 


"THEVO; 


Q9V7D2, 


VATD1 


~_DROME ; 


083443, 


VATD1 TREPA 


083539, 


VATD2 


TREPA; 


Q9YF38, 


VATD_ 


AERPE; 


029099, 


VATD_ 


ARCFU 




051119, 


VATD_ 


^BORBU; 


P34462, 


VATD_ 


CAEEL 




P87220, 


VATD_ 


"CANAL ; 


Q9Z991, 


VATD_ 


CHLPN 




084308, 


VATD_ 


~CHLTR; 


O06506, 


VATD_ 


"dessy 




Q9HNE7, 


VATD_ 


"HALN1; 


Q9U0S4, 


VATD_ 


"manse 




Q8TII9, 


VATD_ 


METAC; 


Q60188, 


VATD_ 


METMA 




027034, 


VATD_ 


METTH; 


059941, 


VATD_ 


NEUCR, 




Q9UXU9 , 


VATD_ 


~PYRAB; 


057731, 


VATD_ 


PYRHO 




097755, 


VATD_ 


~RABIT; 


P57747, 


VATD_ 


SUBDO, 




P62016, 


VATD_ 


SULAC ; 


P62017, 


VATD_ 


SULTO, 




Q9HM63, 


VATD_ 


THEAC ; 


Q97CP8, 


VATD_ 


THEVO, 




P32610, 


VATD_ 


_YEAST; 


029104, 


VATE_ 


ARCFU, 




051123, 


VATE_ 


BORBU ; 


094072, 


VATE_ 


CANAL, 




Q9PK83, 


VATE_ 


~CHLMU; 


084312, 


VATE_ 


CHLTR, 




Q9SWE7, 


VATE_ 


"ciTLI; 


Q9RWH1, 


VATE_ 


DEIRA, 




006501, 


VATE_ 


_DESSY; 


P54611, 


VATE_ 


DROME , 




023948, 


VATE_ 


GOSH I ; 


Q48329, 


VATE_ 


HALVO, 




Q9U1G5, 


VATE_ 


_HETSC; 


P31402, 


VATE_ 


MANSE, 




Q40272, 


VATE_ 


ME SCR; 


Q57673, 


VATE_ 


METJA, 




Q8TWL9, 


VATE_ 


METKA; 


027039, 


VATE_ 


'metth, 




P50518, 


VATE_ 


MOUSE; 


Q9UXU4, 


VATE_ 


"PYRAB, 




Q8U4A9, 


VATE_ 


PYRFU; 


013687, 


VATE_ 


SCHPO, 




Q41396, 


VATE_ 


"SPIOL; 


Q9UWW5, 


VATE_ 


SULSO, 




Q971B8, 


VATE_ 


~SULTO; 


P74901, 


VATE_ 


THET8, 




Q97CQ3, 


VATE 


THEVO ; 


P22203, 


VATE_ 


YEAST, 




Q24583, 


VATF1 DROME 


Q9VNL3, 


VATF2 


_DROME ; 


Q17029, 


VATF_ 


ANOGA; 


029102, 


VATF_ 


ARCFU; 


Q28029, 


VATF_ 


BOVIN; 


Q8XJW4, 


VATF_ 


CLOPE; 


006503, 


VATF_ 


DESSY ; 


Q9HNE2, 


VATF_ 


HALN1 ; 


Q48331, 


VATF_ 


HALVO ; 


P31478, 


VATF_ 


MANSE; 


Q8TIJ2, 


VATF_ 


MET AC; 


Q60185, 


VATF_ 


METMA; 


027037, 


VATF_ 


METTH; 


Q9Y756, 


VATF_ 


NEUCR; 


Q9UXU6, 


VATF_ 


PYRAB; 


057727, 


VATF_ 


*PYRHO; 


P50408, 


VATF_ 


~RAT; 


Q9HM66, 


VATF_ 


THE AC ; 


P74903, 


VATF_ 


THET8; 


Q9I8H3, 


VATF_ 


XENLA; 


P39111, 


VATF_ 


YEAST; 


P79251, 


VATG1 


_BOVIN; 


Q5WR09, 


VATG1 


_CANFA 


Q9CR51, 


VATG1 


_MOUSE; 


Q862Z6, 


VATG1 


_PANTR 


082629, 


VATG2 


ARATH; 


O95670, 


VATG2 


__HUMAN 


Q9TSV6, 


VATG2 


PIG; 




082703, 


VATG2 


_TOBAC 


Q96LB4, 


VATG3 


_HUMAN; 


P91303, 


VATG_ 


CAEEL; 


Q9XZH6, 


VATG 


DROME; 


Q25532, 


vatg" 


MANSE; 
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074174 , 
£>22494, 
Q9V3J1 , 
Q9TVC1, 
083444 , 
029106 , 
Q9Z990 , 
Q9HND8, 
027041 , 
Q9UWW3 , 
Q21898 , 
P34546 , 
016110 , 
P68162, 
P54642 , 
Q24810 , 
P27449, 
Q41773 , 
P63082 , 
Q40635 , 
P63081 , 
£40535, 
Q91V37 , 
P55717, 



VATG_SCHPO; 

VAT H 2_GAE E L ; 

VATH_DROME; 

VATH_PIG; 

VAT 1 1_TREPA; 

VATI_ARCFU; 

VATI_CHLPN; 

VAT I _HALN 1 ; 

VAT I _ME T T H ; 

VATI_SULSO; 

VAT L 1__CAE EL; 

VATL2_CAEEL; 

VAT L_AE DAE ; 

VATL_BETVU; 

VATL_DICDI; 

VATL_ENTHI; 

VAT L_HUMAN ; 

VATL_MAIZE; 

VATL_MOUSE; 

VATL_ORYSA; 

VATL_RAT; 

VATL_TOBAC; 

VAT0_M0USE; 

Y4YI RHISN; 



P48836 



Q9LX65 
Q9UI12 
014265 



083544 



051118 



084307 



Q57675 
Q9UXU2 
Q9HM61 



P25515 



P32842 



Q17046 



P23956 



P23380 



Q43434 



Q96473 
P31403 



Q26250 



022552 



P50515 



Q03105 
014046 



P40290 



VAT G_ YEAST 

VAT H_ARAT H 

VAT H_HUMAN 

VATH_SCHPO 

VAT 1 2 _T RE PA 

VATI_BORBU 

VATI_CHLTR 

VAT I _ME T J A 

VATI_PYRAB 

VATI_THEAC 

VATL1_YEAST 

VATL2_YEAST 

VATL_ASCSU 

VATL_B0VIN 

VATL_DROME 

VATL_GOSHI 

VAT L_KALDA 

VAT L_MANS E 

VATL_NEPN0 

VAT L_PHAAU 

VATL_SCHP0 

VAT L_T ORMA 

VAT0_SCHP0 

YSCN YEREN 
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The Formation or the Reduction of a Disulfide Bridge on the y 
Subunit of Chloroplast ATP Synthase Affects the Inhibitory 
Effect of the € Subunit* 

(Received for publication, March 12, 1998) 

Torn Efisabori&f, Ken Motohashi$, Peter KrothTl, Heinrich StrotmannD, and Toyoki Amanol 
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Yokohama 226-8503, Japan and the Wnstitut fiir Biochemie der Pflanzen, Heinrich- Heine Universitat Diisseldorf, 
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We have studied the change of the catalytic activity of 
chimeric complexes that were formed by chloroplast 
coupling factor 1 (CF 1 ) -7, a and 0 subunits of thermo- 
philic bacterial F l after formation or reduction of the 
disulfide bridge of different y subunits modified by 
oligonucleotide-directed mutagenesis techniques. For 
this purpose, three mutant y subunits were produced: 
Vai94-230' here 37 amino acids from Pro- 194 to He- 230 are 
deleted, Yci99A> Cys-199 is changed to Ala, and Ya2oo-204> 
amino acids from Asp-200 to Lys-204 are deleted. All of 
the chimeric subunit complexes produced from each of 
these mutant CF 1 - > y subunits and a and 0 subunits from 
thermophilic bacterial F l lost the sensitivity against 
thiol reagents when compared with the complex con- 
taining wild- type CF r -y. The pH optimum (pH 8.5-9.0) 
and the concentration of methanol to stimulate ATPase 
activities were not affected by these mutations. These 
indicate that the introduction of the mutations did not 
change the main features of ATPase activity of the chi- 
meric complex. 

However, the interaction between y subunit and e sub- 
unit was strongly influenced by the type of y subunit 
itself. Although the ATPase activity of the chimeric com- 
plex that contained 7^200-204 or Yciooa w ^s inhibited by 
the addition of recombinant e subunit from CF 1 simi- 
larly to complexes containing the reduced wild-type y 
subunit, the recombinant e subunit did not inhibit the 
ATPase of the complex, which contained the oxidized 
form of y subunit. Therefore the affinity of the 6 subunit 
to the y subunit may be dependent on the state of the y 
subunit or the e subunit may bind to the oxidized form 
of y subunit in a mode that does not inhibit the activ- 
ity. The ATPase activity of the complex that contains 
Ya ism -230 was n °t efficiently inhibited by e subunit. These 
results show that the formation or reduction of the di- 
sulfide bond on the y subunit may induce a conforma- 
tional change in the region that directly affects the in- 
teraction of this subunit with the adjacent e subunit. 



F 0 F r ATP synthase synthesizes ATP from ADP and P £ at the 
expense of a proton-motive force (1-3). The enzymes consist of 
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Sports and Culture of Japan, and by Deutsche Forschungsgemeiaschafl 
(SKB 189) (to H. S.). The costs "of publication of this article were 
defrayed in part by the payment of page charges. This article must 
therefore be hereby marked "advertisement" in accordance with 18 
IT.S.C. Section 1734 solely to indicate this fact. 

$ To whom correspondence should be addressed. Tel.: 81-45-924- 
5234; Fax: 81-45-924-5277; E-mail: thisabor@res.titech.ac.jp. 



the membrane-embedded sector F 0 responsible for proton 
translocation and the extrinsic catalytic part F x . The architec- 
ture of F x is very similar in various kinds of cells or organelles. 
The F L part is composed of five different subunits designated as 
a, /3, y, 5, and e, and their molecular stoichiometry is 3:3:1:1:1. 
Nucleotide binding sites reside on each of the a and j3 subunits, 
i.e. there are altogether 6 nucleotide binding sites per F x . The 
catalytic sites are located at the interfaces between a and /3 
subunits. The high resolution x-ray structure of bovine heart 
mitochondrial F t confirmed that most of the amino acid resi- 
dues that form this site are provided from the /3 subunit (4). 
The a and j3 subunits, which have a similar three-dimensional 
structure, alternate in a hexagonal arrangement around a cen- 
tral cavity containing the y subunit as already expected from 
previous electron microscopic studies (5). The crystal structure 
of an a 3 /3 3 complex from the thermophilic Bacillus PS3 was 
completely symmetric (6), but the incorporation of the y sub- 
unit into this complex induced a functional asymmetry among 
the three catalytic sites (7). 

Rotation of the 7 subunit related with catalysis was sug- 
gested from kinetic results (8), the exchange of a disulfide 
bridge formed between y and 0 subunits (9), and polarization 
anisotropy relaxation measurement of the fluoroph ore-labeled 
y subunit of chloroplast F 1 (CF X ) 1 (10). Recently, Noji et aL (11) 
directly observed that this y subunit rotates in the central 
cavity formed by a and /3 subunits like a motor axis during the 
ATP hydrolysis reaction. This experiment clearly shows that 
the interaction between the part of coiled-coil of the 7 subunit 
and the inner surface of the central cavity formed by a and )3 
subunits is not tight, and the interaction between the 7 subunit 
and one of a or /3 subunit can alternate step by step in one 
direction according to the catalytic reaction occurring sequen- 
tially at each of three catalytic sites. 

The CF 0 CF r ATP synthase of chloroplasts is regulated by the 
proton gradient, which activates the enzyme and by the reduc- 
tion or the oxidation of a disulfide bridge in the 7 subunit, 
which modulates activity. The latter regulation is known as 
thiol modulation ( 12). The structural basis for the thiol modu- 
lation is assigned to the sequence motif of 9 amino acids com- 
prising two cysteines in the 7 subunit (13). In vitro reduction 
can be achieved by dithiothreitol (DTT) or other dithiols, but 
the natural reductant is a reduced thioredoxin/"(14), which was 



1 The abbreviations used are: CF„ chloroplas t-co u pling factor 1; DTf, 
dithiothreitol; CF^-e), CF X with the e subunit removed; EF lt F l from the 
plasma membrane of E. coli; TF,, F x from the plasma membrane of ther- 
mophilic Bacillus PS3; y Al9 A^aot Y subunit of with 37 amino acids from 
Pro- 194 to lle-230 deleted; y c1K)A> 7 subunit of CF, with Cys-199 changed to 
Ala; 7_iaoo-2(w/ 7 subunit of CF\ with the amino acids from Asp-200 to 
Lys-204 deleted; y c and recombinant y and € subunits of CF X mom spinach 
chloroplast; Tricine, iV-[2-hydraxy^,l-bis0iydroxymeuiyl)ethyl]gfycine, 
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reduced by the photosynthetdc electron transport chain via 
ferredoxin. Recently, Ross et al. (15) have succeeded in con- 
structing a mutant 7 subunit with one or two cysteines substi- 
tuted by serine in the green algae Chlamydomonas reinhardtii. 
By these substitutions, CF l became a DTT-insensitive enzyme. 
On the other hand, Gabrys et al. (16) selected a couple of 
mutants with chloroplast ATPase redox responses that were 
different from that of the wild-type plant by screening the 
Arabidopsis grown from the seeds that were previously treated 
with mutagen. They selected some mutant plants that might 
contain mutations within the y subunit of CF^ 

The e subunit of CF t is known as an intrinsic inhibitor 
protein. Recently, Cruz et al. (17, 18) produced recombinant 
mutant e subunits and tested their effects on the ATPase 
activity of e-deficient CF t (CF 1 (-e)). They determined that the 
most important part of the e subunit as an inhibitor was the 
NH 2 -terminal region. Similar experiments were reported for 
the e subunit of F r from Escherichia coli (EF t ) (19). These 
studies suggested that about 15 amino acid residues from the 
NH 2 terminus were necessary for the inhibition. Wilkens et al. 
(20) reported the three-dimensional structure of the isolated e 
subunit from EF t solved in solution by NMR spectroscopy. The 
structure shows that the NH 2 -terminal 90 amino acids form 
so-called /3-sandwich structure with two five-stranded /3 sheets. 
The C-terminal domain, on the other hand, is formed by two 
a-helices. Recently, Uhlinei al. (21) solved the crystal structure 
of this subunit at 2.3 A resolution. They confirmed the /3-sand- 
wich structure reported by Wilkens et al. (20) and found that 
the C-terminal two helices arranged in an anti-parallel coiled- 
coil structure. From the three-dimensional structure and cross- 
linking experiments employing cysteine mutants of y and e 
subunits, it was concluded that the contact region of € subunit 
to 7 subunit is at one side of the /3-sandwich structure (20, 22). 

The results of Capaldi and co-workers (20, 22) show that 
about 40 amino acids from the NH 2 terminus of the e subunit, 
which form one- half of the 0-sandwich structure, represent the 
region where the subunit is in direct contact with the y subunit. 
Recently Schulenberg et al.. (23) also reported that the e subunit 
of CF X can contact the y subunit at the similar region. The 
characteristics of the interaction between y subunit and e sub- 
unit of CF l were investigated directly (24, 25) and indirectly 
(26). Andralojc and Harris (24) reported that the affinity of the 
e subunit to CF 1 (-c) was decreased when the y subunit of the 
complex was in a reduced state. From the inhibition of Ca 2+ - 
ATPase activity, they estimated a K d of 60 nu for the reduced 
CF^-e) and 0.14 nM for the oxidized one. Duhe and Selman 
(25) also reported a stimulation of dissociation of the e subunit 
from CF t of Chlamydomonas in the presence of DTT. They 
suggested that the dissociation of the e subunit is an obligatory 
process in the DTT-induced unmasking of ATPase activity of 
soluble CF X . Soteropoulos et al. (26) reported an activation of 
CF r ATPase by dilution of the enzyme. For the reduced CF t , a 
half-maximal activation was obtained at a much lower dilution 
than with oxidized CF^ and they estimated that the affinity for 
the e subunit would be decreased about 20-fold by the reduction 
ofCF,. 

Recently, we reported on the reconstitution of a chimeric 
complex from recombinant ct and 0 subunits from F 1 of the 
thermophilic Bacillus PS3 (TF t ) and the recombinant y subunit 
(7 C ) from spinach CFj (27). The complex had substantial 
ATPase activity and this activity was affected by the disulfide/ 
dithiol state of the two regulatory cysteine residues on the y 
subunits. That means that ? c imposed redox control on the 
chimeric complex. Furthermore, the activity of the chimeric 
complex was suppressed by the addition of recombinant e sub- 
unit from CFi (e c ), but not by the addition of the e subunit from 



TF 1 . These results suggest that the regulatory functions of 7 
and e subunits of CF 1 may be linked to each other. 

Here, we prepared three modified 7 subunits of CF t by oli- 
gonucleotide-directed mutagenesis. We investigated the effects 
of the mutations on the enzyme activity and its regulation in 
chimeric complexes formed by these 7 subunits, e cJ and a 3 j3 3 
from TF l . We found the region around the disulfide bridge of 
the 7 subunit to be important for the regulatory interaction 
between the 7 subunit and e subunit. 

EXPERIMENTAL PROCEDURES 

Materials — Restriction endonucleases were obtained from Toyobo 
Inc., Tokyo, Japan. The Bradford protein assay ays tern was from Bio 
Rad. Urea was purchased from Nacalai Tesque, Kyoto, Japan. DTT was 
from Sigma. Other chemicals were the highest grade commercially 
available. 

Construction of the Plasmids for the Mutant y e and Their Expres- 
sion — Recombinant plasmids carrying the gene for the 7 subunit from 
spinach plastids (atpC) was previously constructed (27). OligonucleotiT 
de-directed mutagenesis was carried out as described by Kunkel et al. 
(28). The oligonucleotide used to create the 7 C with the additional amino 
acid stretch of the 7 subunit of CF 1 (from Pro-194 to Ile-230) deleted 
(Tmm-W waa: S'-ATCCACACCCTACTCCCCTTAAGAAAAACCGAA- 
ACACCAGCATTTT-3' . The one used to create the y c with Cys-199 
changed to Ala (y C i99a> S'-ACCCTACTCCCCTTAAGACCCAAAG- 
GAGAAATTGCGGACATCAATGGAAAA-3 To create y c with the 
amino acid sequence from Asp-200 to Lys-204 deleted (7^200-204^ the 
following oligonucleotide was used: 5'-ACCCTACTCCCCTTAAGACC- 
CAAA-GGAGAAATTTGCTGTGTCG ACGC AGCAG AA-3 ' . Each of the 
genes was transferred to the expression vector pET23d (Novagen) and 
was transformed into the expression host E. coli strain BL2KDE3). 
Each of the 7 0 proteins was expressed yielding inclusion bodies and 
further purified by the methods described previously (27). 

Expression and Purification of the Recombinant e c — The plasmid 
pSocB149 (28), which contains the gene for the subunit e of CF X from 
spinach (e c ) was a generous gift from Dr. Whitfeld, R. P., Australia. The 
expression plasmid for c c was constructed according to the method 
described by Hisabori et al. (27) and transformed into E. coli strain 
BL2KDE3). € c was over-expressed by the method used for y c . The e c 
inclusion bodies were first dissolved by the addition of 8 M urea, 40 mM 
Tris-Cl (pH 8.0), 0.4 mM DTT, and 0.8 mM EDTA and further purified by 
the method described previously (27). 

Preparation of a and 0 Subunits of TF^ — The recombinant a and 0 
subunits of TF t were expressed in E. coli strain DK8 (bglR, thi-1, rel-1, 
HfrPOl, &(uncB'UncC)ilv::TnlO) and purified as described previously 
(30, 31). 

Reconstitution of the Chimeric Subunit Complex — Reconstitution of 
the chimeric subunit complex was formed by the same method de- 
scribed previously (27). Briefly, each of the isolated 7 C subunits was 
mixed with the or and fi subunits from TF 1 in a ratio of 1:1:1 (w/v), and 
a solution containing 8 M urea, 1 mM EDTA, 0.5 mM DTT, and 50 mM 
Tris-Cl (pH 8.0) was added to yield a final urea concentration of 4 M. The 
solution was then dialyzed against 50 mM Tris-HCl (pH 8.0), 200 mM 
NaCl, 0.4 mM MgCLj, and 0.4 mM ATP at 20 a C for 3 h. After the dialysis, 
the unsolved 7 0 subunits were removed from the solution by centrifu- 
gation and provided for the measurement of ATPase activity. 

Activation and Deactivation of the Complex and the Measurement of 
ATPase Activity — To activate or deactivate the a 3 ^ 3 y c complexes by the 
formation or reduction of disulfide bridge on the 7 subunit, formed 
complexes were incubated in the presence of 2 mM DTT or 50 fiM CuCl 2 
for 2 h at 30 °C. Then 10 al of the complex solution (normally containing 
2—3 ug of protein) was added to 90 al of the reaction mixture containing 
50 mM Tricine-KOH (pH 8.0), 2 mM ATP, and 2 mM MgCLj to initiate the 
reaction. The reaction was continued for 5-10 mi n, and then terminated 
by the addition of 100 ul of ice-cold 2.4% (v/v) perchloric acid. The 
amounts of liberated P { were measured by a colorimetric method. Since 
the ATPase activity was measured by the mixture of the chimeric 
complex and the monomer proteins, which were not incorporated into 
the complex, the specific activity of the ATPase was calculated based on 
the amounts of a plus 0 subunits that were used for the formation of the 
complex. 

RESULTS AND DISCUSSION 

Responses of the Chimeric Complexes Containing Mutant y c 
to Oxidation /Reduction — In comparison to the 7 subunit from 
thermophilic bacteria, the 7 subunit of CF t contains a stretch of 
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5PI LVKSDPV7HTIXPLSFKOTI©)INCT©/IXA^^ 

ECO TMSQVPriSQLLPLP ASDDDDL KHKSWDY L-YEPDPKALLDTLLRRTVESQV 

PS3 AIQQEVTEKKLLPLT D LAENKQRTVYE FE P S QEE I LD VLLPQ Y AE S LI 

1MTT VISYKTEEKPIFSLD TISSAESMSIYDDIDADVLRNYQEYSLANII 

AAA*. A +A A A A A A 

B 

190 200 210 220 230 

Wild LLPI^PKGBI&INGK^^AAEDELFRLTTKEGKLTVERDMIKrET 

y A1 94-230 LLPLS KTET 

YA200-204 LLPLS PKGBlQ QVDAAEDELFRLTTKEGKLTVEBDMIKTET 

Yci99A LLPLS PKGE IAD IMG^a^AAEDELFEaTTKEGKLTVEBDMIKTET 

Fig. 1. Partial amino acid alignments of y subunits. A, alignment of the protein sequences of the 7 subunits of F t complexes from spinach 
chloroplast (SPI) (13), E. coli (ECO) (38, 39), thermophilic Bacillus PS3 (PS3) (29), and bovine heart mitochondria {MIT) (40) was made by computer 
program CLUSTALW (41). The positions that are identical in three of the four sequences are marked by * A * and the identical positions in all of 
the sequences are marked by **+". Gaps are marked by broken lines. Two cysteines (Cys-199 and Cys-204), which form the disulfide bridge, were 
shown as reversed capitals. Only the sequences from Leu- 179 to Ile-263 of spinach CFj-y subunit and the corresponding region of others are shown. 
B t the sequences from Leu- 189 to Thr-234 of spinach CF r y subunit are demonstrated. Three mutants, designated as y 419 4_23o> Ya2oo-204> ana 
y cl g 9A) were engineered and expressed in E. coli. Amino acid positions that have been deleted are shown as broken lines. 



an additional 37 amino acids comprising the two cysteines 
(Cys-199 and Cys-205), which are responsible for the thiol 
modulation (Fig. 1A). To characterize the differences of the 
properties between bacterial y and chloroplast y, we designed 
three mutations of the y subunit of CF V These were 7 Al94 _23o> 
which is lacking the CF r y specific additional amino acid 
stretch (see Fig. IB), y A2 oo-204» ^ n which the space between the 
two regulatory cysteines is shortened, and y Ci 99Aj which can- 
not form the disulfide bridge involved in thiol modulation. The 
complexes containing those mutant y c subunits were not sup- 
posed to show any responses against oxidation/reduction. As 
shown in Fig. 2, the ATPase activity of these chimeric com- 
plexes was not altered by the incubation with DTT or with 
CuCl 2 , although the ATPase activity of the complex containing 
wild-type y c was remarkably stimulated by the incubation with 
DTT and suppressed by the incubation with CuCl 2 as reported 
previously (27). 

For further characterization of the mutant y subunits, some 
properties of the chimeric complexes were investigated. First, 
we measured the pH dependence of the ATPase activity of the 
complexes. We could not find any change of pH dependence of 
ATPase activity; all four kinds of complexes showed the same 
pH profiles (data not shown), indicating that the property of the 
catalytic sites did not change by the mutation of y c subunit. 
Also the optimal pH (pH 8.5-9.0) was the same as that found 
for the authentic TF,^ (32) or CFi (33). 

Methanol Activation of the ATPase Activity of the Chimeric 
Subunit Complexes — Methanol stimulation of ATPase activity 
is one of the unique features of isolated (33, 34) and membrane- 
bound CFi (35). In a previous report, we found that the incor- 
poration of the y subunit from CFj into the bacterial a 3 j3 3 
hexagon conferred the property of methanol stimulation of the 
ATPase to the complex, whereas the a 3 j3 3 y complex formed by 
the bacterial subunits only is insensitive against methanol 
(27). As shown in Fig. 3, the ATPase activities of all four 
chimeric complexes were stimulated by the addition of metha- 
nol and optimal concentrations of methanol were 25% (v/v). The 
most remarkable difference between the y subunit from ther- 
mophilic bacteria and the y subunit of CF! is the occurrence of 
an intercalated amino acid stretch of more than 30 amino acids 
in CF r y (Fig. LA). One may expect that the region that senses 
methanol would be located in this additional stretch. However, 
when the mutant y subunit, which is lacking in this region, was 
used to form the chimeric complex, the methanol sensitivity 
was the same as for the complex that contained the wild-type y 
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Fig. 2. Change of the ATPase activity of the chimeric a 3 0 3 y c 
complexes by incubation with DTT or CuCl 3 . The chimeric com- 
plex was reconstituted from 500 jig of y C) a subunit, and /3 subunit 
according to the method described under "Experimental Procedures * 
Then each of the complexes was incubated with 2 mM DTT (S) or 50 fiM 
CuCl 2 (■) for 2 h at 30 °C, and their ATPase activities were measured. 
The ATPase activity (/xmol P ; released/mg a + 0/min) of each of the 
complexes that were not treated with DTT or CuCl 2 (□) was 0.672 with 
wild-type y, 0.254 with y A194 _ 2 3o> °* 5 57 with y A200 _ 204J and 0.534 with 
Yci99A> an( l se t 33 100%. 

subunit. Therefore, the methanol sensitivity of CF r y subunit 
must be attributed to some other portion of the protein. 

Inhibitory Effects of the e Subunit — The e subunit of Fj is an 
intrinsic ATPase inhibitor. However, this subunit may also be 
involved in H + coupling of the ATPase (36). Recently, Cruz et 
al. (17, 18) expressed the mutant € subunit of CF t in E. coli and 
investigated their inhibitory effects on the CFj(-e). Similar 
deletion experiments were carried out for EF! by Jounouchi et 
al (19). They reported that the deletion of the NH 2 -terminal 16 
amino acids is strongly affecting the coupling between ATP 
hydrolysis and H + translocation, but F t with an e subunit 
lacking the 15 amino-terminal residues could bind to F 0 in a 
functionally competent manner. However, Cruz et al. (17) 
found that the deletions of 6 amino acids from the C terminus 
or the deletions of 11 amino acids from the NH 2 terminus 
decreased the inhibitory effect of this subunit on the ATPase of 
CF^ 

The Mg 2+ -ATPase activity of the oxidized form of CF t is 
quite low or almost zero. However, the chimeric complex dis- 
played remarkable Mg 2 * -ATPase activity even in its oxidized 
form. Therefore it was possible to investigate the interaction 
between the e and y subunits under the reduced and oxidized 
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Fig. 3. Methanol dependence of the ATPase activity of the 
chimeric a 3 ^ 3 y c complex. The chimeric complex was reconstituted 
from 500 jig of y c , 500 y.g of a subunit, and 500 of /3 subunit according 
to the method described under "Experimental Procedures." A, the com- 
plexes with the wild- type 7 subunit were formed and then incubated 
with 2 mM DTT (•) or 50 fHA CuC^ (O) for 2 h at 30 °C, and their, 
ATPase activities were measured under the various concentrations of 
methanol indicated in the figure. JB, the chimeric complexes with (■) 
(A) 

Y&2oo-204» an d (D) YctssA were formed, and their ATPase 
activities were measured. 

conditions by measuring the inhibition of the ATPase. Surpris- 
ingly, the ATPase activity was less inhibited by the e subunit in 
the chimeric complex with the oxidized 7 subunit than with the 
reduced 7 subunit (Fig. 4A) (27). The addition of methanol 
reduced the inhibitory effect of e c for both the reduced and 
oxidized state complexes, indicating the stimulation effect of 
methanol on CF r ATPase can be partially attributed to the 
release of the e subunit from the enzyme. A change of the 
responses of CF L against the e subunit under the reduced or 
oxidized condition were already reported by Andralojc and Har- 
ris (24), Duhe and Selman (25), and Soteropoulos et al. (26). 
Andralojc and Harris (24) investigated the inhibition of Ca 2+ - 
ATPase activity. By adding the various amounts of isolated e 
subunit to CF^-e), they concluded that the oxidized CF 1 (-e) 
has a higher affinity for the isolated € subunit than the reduced 
enzyme. Soteropoulos et al. (26) diluted CF X solution to nano- 
molar concentration and found a difference of the activation 
ratio by oxidation/reduction. Activation by dilution occurred for 
the reduced enzyme at higher than for the reduced enzyme. 
From their results, they concluded that the affinity of the e 
subunit to the reduced CF t is about 20-fold lower than to the 
oxidized one. 

It is difficult to explain why the apparent affinity of the e 
subunit to the chimeric complex is lower when the y subunit is 
in the oxidized state. Possibly the origin of the a 3 0 3 hexanier 
influences the interaction, too. On the other hand, we cannot be 
sure that the y c really has the same conformation in the chi- 
meric complex as the authentic CF^ 

Relation between the Conformation of the 7 Subunit and the 
Effect of the e Subunit — If the additional amino acid stretch 
observed only on CF! is responsible for the interaction between 




Fig. 4. The effects of e c on the activity of the a 3 0 3 7 c complexes. 
A, the chimeric complex was formed the same way as described in the 
Legend for Fig. 2. 100 fJ.g/m\ of the reduced (closed symbols) or the 
oxidized (open symbols) complex was incubated with the indicated 
amounts of ^ for 1 h at room temperature. The ATPase activity of the 
complex was measured for 5 to 10 min in the absence (circle) or presence 
(triangle) of 20% methanol. B, the chimeric complexes with three kinds 
of mutant y subunit were formed the same way as described in the 
legend for Fig. 2. 100 fig/ ml of each of the complexes containing 

194 -230 (•>» 7a2oo-204 <*)> and 7ci99A (O) was incubated with the 
indicated amounts of e c for 1 h at room temperature, and the ATPase 
activity of the complex was measured. 

the 7 and e subunits, a mutation of this segment might affect 
the inhibition of ATPase by the e subunit. The sensitivity of the 
complexes that contain 7ci99A or 7^200-204 against the e sub- 
unit was the same as that of the complex with the reduced form 
of the y subunit (Fig. 4S), although we expected that the 
conformation of 7*200-204 was similar to the oxidized- form of 
the 7 subunit. 

On the other hand, the complex that contains 7^194-230 was 
not inhibited by the addition of the e subunit. From the report 
of Capaldi and co-workers (20, 22), the contact region between 
the e and 7 subunits is located around 40 amino acids from the 
NH 2 terminus of the e subunit. The chemical cross-linking 
experiments carried out by using cross-linker-labeled e subunit 
and CF l (-e) gave the same conclusion (23). The contact region 
on the 7 subunit is very close to the position where the addi- 
tional amino acid stretch is intercalated in CF r 7 (13) (see Fig. 
1A). Hence, the structure of this additional amino acid stretch 
might be very important not only for the redox regulation but 
also for the interaction between the 7 and e subunits. 

Ross et al. (37) reported that mutation of the spacer region 
between the two regulatory cysteines (GEICD(K or A)VDGK- 
(D)CVDAA) diminished redox regulation of CF X from Chlamy- 
domonas. They used C. reinhardtii strain atpCl, which lacks 
the gene for the 7 subunit, and complemented the photophos- 
phorylation activity with mutated 7 subunit genes. Thy- 
lakoid vesicles prepared from the mutant strain containing 
Ydi99K/K203D or Vui99A did not show a remarkable change of the 
photophosphorylation in the presence or the absence of DTT. 
Accordingly the authors concluded that the spacer region be- 
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tween the disulfide bridge is also involved in redox regulation 
of CF t . This result corresponds with our result concerning 
7a2oo-204* Although y A 2oo-204 still contains the two cysteines, 
the complex with this subunit did not show any difference in 
activity by incubation with DTT or CuCl 2) respectively (Fig. 2). 
Apart from this all other properties of ATPase of this complex 
were the same as those of the wild type. This complex appeared 
to have an affinity for e subunit because the ATPase of this 
complex was strongly inhibited by the addition of € c subunit 
(Fig. 4B). 

Hence, our results strongly suggest that the change in the 
conformation that occurred at the lower part of the y subunit is 
drastic enough to affect the binding of the e subunit to this 
subunit, although the point that is different from the results of 
Ross et al. (37) as mentioned above should be further 
investigated. 
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The regulatory functions of the gamma and epsilon subunits from chloroplast 
CF1 are transferred to the core complex, alpha3beta3 9 from thermophilic 
bacterial Fl. 

Hisabori T, Kato Y, Motohashi K, Kroth-Pancic P, Strotmann H, Amano T. 

Research Laboratory of Resources Utilization, Tokyo Institute of Technology, Yokohama, Japan. 
thisabor@res.titech.ac.jp 

The expression plasmids for the subunit gamma (gamma(c)) and the subunit epsilon (epsilon(c)) 
of chloroplast coupling factor (CF1) from spinach were constructed, and the desired proteins were 
expressed in Escherichia coli. Both expressed subunits were obtained as inclusion bodies. When 
recombinant gamma(c) was mixed with recombinant alpha and beta subunits of Fl from 
thermophilic Bacillus PS3 (TF1), a chimeric subunit complex (alpha3beta3gamma(c)) was 
reconstituted and it showed significant ATP hydrolysis activity. The ATP hydrolysis activity of 
this complex was enhanced in the presence of dithiothreitol and suppressed by the addition of 
CuC12, which induces formation of a disulfide bond between two cysteine residues in gamma(c). 
Hence, this complex has similar modulation characteristics as CF1. The effects of recombinant 
epsilon(c) and epsilon subunit from TF1 (epsilon(t)) on alpha3beta3gamma(c) were also 
investigated. Epsilon(c) strongly inhibited the ATP hydrolysis activity of chimeric 
alpha3beta3gamma(c) complex but epsilon(t) did not. The inhibition was abolished and the ATP 
hydrolysis activity was recovered when methanol was added to the assay medium. The addition of 
epsilon(c) or epsilon(t) to the alpha3beta3gamma(t) complex, which is the authentic subunit 
complex from TF1, resulted in weak stimulation of the ATP hydrolysis activity. These results 
suggest that (a) the specific regulatory function of gamma(c) can be transferred to the bacterial 
subunit complex; (b) the interaction between the gamma(c) subunit and epsilon(c) strongly affects 
the enzyme activity, which was catalyzed at the catalytic sites that reside on the alpha3beta3 core. 

PMID: 9288943 [PubMed - indexed for MEDLINE] 
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Recent developments on structural and functional aspects of the Fl sector of H+- 
linked ATPases. 

Vignais PV, Satre M. 

This review concerns the catalytic sector of Fl factor of the H+-dependent ATPases in 
mitochondria (MF1), bacteria (BF1) and chloroplasts (CF1). The three types of Fl have many 
similarities with respect to the structural parameters, subunit composition and catalytic 
mechanism. An alpha 3 beta 3 gamma delta epsilon stoichiometry is now accepted for MF1 and 
BF1; the alpha 2 beta 2 gamma 2 delta 2 epsilon 2 stoichiometry for CF1 remains as matter of 
debate. The major subunits alpha, beta and gamma are equivalent in MF1, BF1 and CF1; this is 
not the case for the minor subunits delta and epsilon. The delta subunit of MF1 corresponds to the 
epsilon subunit of BF1 and CF1, whereas the mitochondrial subunit equivalent to the delta subunit 
of BF1 and CF1 is probably the oligomycin sensitivity conferring protein (OSCP). The alpha beta 
gamma assembly is endowed with ATPase activity, beta being considered as the catalytic subunit 
and gamma as a proton gate. On the other hand, the delta and epsilon subunits of BF1 and CF1 
most probably act as links between the Fl and FO sectors of the ATPase complex. The natural 
mitochondrial ATPase inhibitor, which is a separate protein loosely attached to MF1, could have 
its counterpart in the epsilon subunit of BF1 and CF1. The generally accepted view that the 
catalytic subunit in the different Fl species is beta comes from a number of approaches, including 
chemical modification, specific photolabeling and, in the case of BF1, use of mutants. The alpha 
subunit also plays a central role in catalysis, since structural alteration of alpha by chemical 
modification or mutation results in loss of activity of the whole molecule of Fl. The notion that 
the proton motive force generated by respiration is required for conformational changes of the Fl 
sector of the H+-ATPase complex has gained acceptance. During the course of ATP synthesis, 
conversion of bound ADP and Pi into bound ATP probably requires little energy input; only the 
release of the Fl -bound ATP would consume energy. ADP and Pi most likely bind at one catalytic 
site of Fl, while ATP is released at another site. This mechanism, which underlines the alternating 
cooperativity of subunits in Fl, is supported by kinetic data and also by the demonstration of 
partial site reactivity in inactivation experiments performed with selective chemical modifiers. 
One obvious advantage of the alternating site mechanism is that the released ATP cannot bind to 
its original site. (ABSTRACT TRUNCATED AT 400 WORDS) 
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Independent and coupled translational initiation of atp genes in Escherichia coli: 
experiments using chromosomal and plasmid-borne lacZ fusions. 

Gerstel B, McCarthy JE. 

Department of Microbiology, GBF-Gesellschaft fur Biotechnologische Forschung mbH, 
Braunschweig, FRG. 

The translational initiation rates directed by the translational initiation regions (TIRs) of the atpB, 
atpH, atp A and atpG genes of Escherichia coli were investigated using lacZ fusions present on 
plasmids as well as integrated into the chromosome. This was the first investigation of the 
translational efficiency of the atpB gene, whose unfused product (subunit a) can be toxic to the 
cell. The specific mRNA levels, rates of in vivo protein synthesis and beta-galactosidase activities 
encoded by the atp::lacZ fusions were compared in order to obtain valid estimates of relative 
translation rates. The results indicate that in the E. coli atp operon, translation directed by the 
atpB, atpH and atpG TIRs is less efficient than that directed by the atpA TIR, and are thus 
consistent with earlier measurements of direct atp gene expression. Initiation is, however, to 
differing extents, controlled by coupling to the translation of upstream neighbours. There is 
particularly tight coupling between atpH and atpA. Increasing the distance between these two 
genes whilst maintaining the original atpA TIR structure decreased the degree of coupling. The 
influence of manipulations of the atpG TIR structure upon translational efficiency was 
quantitatively more pronounced when the atpG fusions were present as a single copy per 
chromosome. This is likely to be related to the mRNA binding characteristics of 30S ribosomal 
subunits and/or to the influence of other (trans-acting) factors. The control of independent and 
coupled initiation at the atp TIRs is discussed in relation to mRNA structure and possible cis and 
trans regulatory phenomena. 

PMID: 2529415 [PubMed - indexed for MEDLINE] 
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Expression of the unc genes in Escherichia coli. 
McCarthy JE. 

Gesellschaft fur Biotechnologische Forschung mbH, Braunschweig, West Germany. 

The unc (or atp) operon of Escherichia coli comprises eight genes encoding the known subunits of 
the proton-translocating ATP synthase (H+-ATPase) plus a ninth gene (unci) of unknown 
function. The subunit stoichiometry of the H+-ATPase (alpha 3 beta 3 gamma 1 delta 1 epsilon 1 
alb2cl0-15) requires that the respective unc genes be expressed at different rates. This review 
discusses the experimental methods applied to determining how differential synthesis is achieved, 
and evaluates the results obtained. It has been found that the primary level of control is 
translational initiation. The translational efficiencies of the unc genes are determined by primary 
and secondary mRNA structures within their respective translational initiation regions. The 
respective rates of translation are matched to the subunit requirements of H+-ATPase assembly. 
Finally, points of uncertainty remain and experimental strategies which will be important in future 
work are discussed. 

Publication Types: 
• Review 
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The promoter-proximal, unstable IB region of the atp mRNA of Escherichia coli: 
an independently degraded region that can act as a destabilizing element. 

Schramm HC, Schneppe B, Birkenhager R, McCarthy JE. 

Department of Gene Expression, National Biotechnology Research Centre (GBF), Braunschweig, 
Germany. 

Differential expression of the genes in the Escherichia coli atp (unc) operon is achieved via 
control of the translational initiation, translational coupling and mRNA stability of the respective 
genes. The atpEB region of the polycistronic mRNA is less stable than the remaining seven genes. 
We have investigated the functional half-lives of the atp genes in reconstructed versions of the 
operon. In order to be able to do this reliably, we have readdressed the interpretation of the 
complex functional inactivation data obtained by means of transcriptional inhibition using 
rifampicin. Our results indicate the usable information to be gleaned from this commonly applied 
technique, while identifying the potential errors in their quantitative interpretation. We estimate 
that the functional half-life of atpB is slightly over one-half that of atpE and the other atp genes, 
while atpl is at least two times less stable than atpB. The instability of the atpl mRNA was also 
demonstrated by its rapid fragmentation. Relocation of atpIB to a position in the promoter-distal 
region of the operon between atpG and atpD did not change the inactivation rate of atpB. 
However, it did destabilize the atpG mRNA. Examination of the physical degradation of atpl 
mRNA shows particularly rapid cleavage in this gene, thus explaining the destabilization effect. 
The atpIB segment is therefore an autonomously unstable region that can act as a destabilizing 
element for upstream-located genes in a polycistronic environment. 
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Differential gene expression from the Escherichia coli atp operon mediated by 
segmental differences in mRNA stability. 

McCarthy JE, Gerstel B, Surin B, Wiedemann U, Ziemke P. 

Department of Gene Expression, GBF-Gesellschaft fur Biotechnologische Forschung mbH, 
Braunschweig, Germany. 

The atp operon of Escherichia coli directs synthesis rates of protein subunits that are well matched 
to the requirements of assembly of the membrane-bound H(+)-ATPase (alpha 3 beta 3 gamma 1 
delta 1 epsilon Ialb2cl0-15). Segmental differences in mRNA stability are shown to contribute to 
the differential control of atp gene expression. The first two genes of the operon, atpl and atpB, 
are rapidly inactivated at the mRNA level. The remaining seven genes are more stable. It has 
previously been established that the translational efficiencies of the atp genes vary greatly. Thus 
differential expression from this operon is achieved via post-transcriptional control exerted at two 
levels. Neither enhancement of translational efficiency nor insertion of repetitive extragenic 
palindromic (REP) sequences into the atplB intercistronic region stabilized atpl. We discuss the 
implications of these results in terms of the pathway of mRNA degradation and of the role of 
mRNA stability in the control of gene expression. 

PMED: 1838784 [PubMed - indexed for MEDLINE] 



http://www.ncbi.nlm.nih.gov/entrez/que 



5/1 1/05 



Entrez PubMed 



Page 1 of 1 



Gene. 1988 Dec 10;72(l-2): 13 1-9. Related Articles, Links 

Post-transcriptional control in Escherichia coli: translation and degradation of 
the atp operon mRNA. 

McCarthy JE, Schauder B, Ziemke P. 

GBF, Gesellschaft fur Biotechnologische Forschung mbH., Braunschweig, F.R.G. 

An attractive subject for investigations of post-transcriptional control is the atp operon, whose 
nine genes are differentially expressed. The primary mode of control of atp gene expression is 
exercised at the translational level. It has been clearly demonstrated for almost all of the atp genes 
that the primary and secondary structures of their respective translational initiation regions direct 
translational initiation rates that correspond well to the requirements for these subunits in the cell. 
The relationship between the structure of the translational initiation region, including bases 
upstream from the Shine-Dalgarno region and downstream from the start codon, and the rates of 
initiation that it determines, has been investigated in more detail using various polycistronic and 
monocistronic systems. No evidence could be found for a role of codon usage bias in controlling 
overall translation rates. The functional half-lives of atpE and of the other six cistrons downstream 
from it are similar. The chemical stabilities of the first two cistrons of the polycistronic atp mRNA 
may, however, be lower, and we are investigating the possibility that there may also be control of 
atp gene expression exercised at the level of mRNA stability. The effects of manipulations of the 
intercistronic regions of at least the plasmid borne atp operon are consistent with a model of 
mRNA decay in which rate control is associated with endonucleolytic cleavages within individual 
cistrons. The experimental data are discussed in relation to the possible ways in which primary 
and secondary structures of the mRNA might control translational efficiency and stability. 

PMID: 2907496 [PubMed - indexed for MEDLINE] 
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The control of mRNA stability in Escherichia coli: manipulation of the 
degradation pathway of the polycistronic atp mRNA. 

Ziemke P, McCarthy JE. 

Department of Gene Expression, GBF, Gesellschaft fur Biotechnologische Forschung mbH, 
Braunschweig Germany. 

The physical and functional stabilities of genes in the atp operon fall into two classes: The first 
two genes, atpl and atpB, are rapidly inactivated and degraded at the mRNA level. The remaining 
seven genes are more stable. In order to investigate how these stabilities are determined, DNA 
sequences encoding mRNA structures that influence degradative events in other systems, 
including RNAse EI sites and REP sequences, were subcloned or synthesized and inserted into 
non-coding regions of the operon. The effects of insertion of an RNAse HI site depended on 
whether cleavage left an unstable 3' end or a stabilizing stem-loop upstream of the cutting point. 
Generation of an unstable 3' end destabilized the neighbouring upstream atp gene, thus modifying 
the course and rate control of degradation. Removal of the atp transcriptional terminator 
attenuated expression of the last gene of the operon, atpC. This effect was reversed by substitution 
of an alternative stem-loop for the terminator. REP sequences inserted into intercistronic regions 
apparently could not influence rate-controlling steps. The reported data shed light on the factors 
controlling the inactivation and degradation of genes in the polycistronic atp mRNA, and are 
discussed in relation to the general role of degradation processes in the control of gene expression. 
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Individual subunits of ATP synthase, encoded by Che eight genes of the atp operon (atpA through atpH), have 
been found to be synthesized at a 10-fold range in molar amounts (D. L. Foster and R. H. Flilingame, J, Biol. 
Chem. 257:2009-2015, 1982; K. von Meyenburg, B. B. J0rgensen 9 J. Nielsen, F. G. Hansen, and O. Michelsen. 
Tokai J. Exp. Clin. Med. 7:23-31, 1982). We have determined the functional half-lives at 30°C of mRNAs 
transcribed from these genes either during constitutive expression in a partial diploid strain or after induced 
expression from a plasmid. Accurate decay kinetics of the relative mRNA levels were determined by monitoring 
the rates of synthesis of the individual ATP synthase subunits by radioactive pulse labeling at different times 
after blocking transcription initiation with rifampin. The mRNA transcribed from the atp operon was found to 
be inactivated about twice as fast as the bulk mRNA in E. coli. Exceptions are the mRNA from the 
promoter-proximal atpB gene, which was inactivated about three times as fast as the bulk mRNA, and atpC 
mRNA, the inactivation rate of which was comparable to that of the bulk mRNA. These moderate differences 
in the kinetics of functional decay explain only a minor part of the differences in expression levels of the atp 
genes. We conclude, therefore, that the individual atp mRNAs must be translated with widely different 
efficiencies. The present analysis further revealed that mRNA degradation is sensitive to heat shock; i.e., after 
incubation at 39°C for 5 min followed by a shift back to 30°C, the decay rate of the bulk mRNA was decreased 
by 30%. 



The eight genes that code for the subunits of the ATP 
synthase oi Escherichia coli together with a ninth promoter- 
proximal gene, a tpl, form an operon, atpIBEFHAGDC, 
coding for the subunits i, a, c, b, 8, a, 7, 0, and e, 
respectively (8, 11, 23). A major promoter (atplp) and two 
minor promoters (atpBp^ atpBp^ within the atpl gene have 
been identified (24, 41). Expression of the atp operon as a 
whole does not appear to be subject to substrate or growth 
rate control (23, 29) or to respond to anaerobic or aerobic 
shifts (37). 

The gene order and the amounts of subunits expressed are 
shown in Fig. 1 and Table 2, respectively. The ATP synthase 
is a multicomponent enzyme with a cytoplasmic ATPase; the 
coupling factor, F l9 with the composition 03, £ 3 , 8, 7, e; and 
a membrane-embedded part, the proton channel, F 0 , with 
the composition ajb 2> c 10 _ xl (9, 42). The stoichiometry of the 
F 1 part was first established by Bragg and Hou (2) from the 
composition of the 14 C-labeled, isolated enzyme. Their val- 
ues were supported by measurements of the molecular ratio 
of the subunits synthesized in either overproducing cells (42) 
or from a transducing X phage (9). These measurements of 
the production rates of the subunits gave a molecular ratio 
for the F 0 subunits which became the accepted stoichiome- 
try of the F 0 part of the enzyme, although titration of isolated 
F 0 subunits in reconstitution experiments with active proton 
channels suggests that the minimal stoichiometry of F 0 is 
a x b# % (25). 

Differences in gene expression within the same operon can 
be accounted for either by differences in translation frequen- 
cies or by differences in mRNA availability. McCarthy et al. 
(20) have shown that the region between the atpB and the 
atpE genes has translation enhancer activity. 
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Several enzymes involved in mRNA decay have been 
identified. Two 3' exonucleases, RNase II and polynucle- 
otide phosphorylase (6), and one broad-specificity endonu- 
clease, RNase M (4), have been shown to be involved in 
mRNA decay, and four site-specific endonucleases, RNase 
HI (7, 34), RNase E (22, 27), RNase K (18), and RNase P 
(21), have been shown to be involved in the processing of 
mRNAs, leaving new ends to be decayed by exonucleases. 
There is no known enzyme in E. coli that digests RNA from 
the 5' end, but the lac mRNA has been shown to be degraded 
from the 5' to the 3' end (3, 32). 

Besides detection by McCarthy et al. (19), who expressed 
the atp operon on a plasmid from the \p L promoter, the 
full-length atp transcript has only been detected by Jones et 
al. (16) (as an mRNA of approximately 7 kb) and by Patel 
and Dunn (28), who recently detected the full-length tran- 
script in an rne mutant; on the other hand, Schaefer et al. 
(35) found two atp transcripts of 6.5 and 4.6 kb by using 
either an atpG or an atpC probe. They could not identify a 
full-length mRNA from the atp operon, and they noticed a 
possible processing site in the C-terminal end of the atpl 
gene close to the initiation site of the atpBp 2 promoter and 
about 6.5 kb from the transcriptional terminator. Patel and 
Dunn (28) also identified several RNase E processing sites in 
the atp transcript, (i) one in the 5' end of the coding sequence 
of the atpC gene, (ii) one near the 5' end of the atpB gene, 
and (iii) two in the leader region of the atpE gene. The latter 
two have also been identified by Gross (13) in the isolated 
leader region. 

McCarthy et al. (19) have recently published that the 
mRNAs, which code for the a (atpB) and c (atpE) subunits of 
the ATP synthase, were inactivated with half -lives of 2 min 
and 7 to 12 min, respectively. 

We have determined the functional half-lives of the tran- 
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TABLE 1. The £. coli K-12 strains used 



Strain 


Characteristics 


Source or 
reference 


BL321 


rnclOS 


38 


BL322 


mc* 


38 


CM845 


asnA31 asnB32 thil relAl spoT 


39 




F+f\asnl05 




CM1471 


atpIBEFHA706 asnB32 thil 


41 




relAl spoTl F+ 




LM1888 


pBJC1888° 




MC1000 


araD139 barvjeu7697 tdacX74 


5 




galU galfC rpsL 




OL171 


pOLCttf 




OL22 


pOLO* 




CN489 


mclOS gfyA:TnS> 


Carsten Petersen 


OL264 


rnclO? 


This work 


OL266 


b 


This work 


OL279 


pJNC33* 




OL283 


OL2667pBJC1888 




OL285 


OL264/pBJC1888 





° Genotype of strain CM 1471. 
b Genotype of strain MC1000. 



scripts for all of the sub units of the ATP. synthase from an 
atp operon located on a multicopy plasmid and for the a, c, 
a, and p subunits from the chromosomal atp operon in a 
partially diploid strain, and we have obtained results differ- 
ent from those of McCarthy et al. (19). It is therefore 
pertinent to ask to what extent such differences in functional 
half-lives between gene transcripts in the same operon 
contribute to the relative stoichiometry of the ATP synthase 



subunits of aj}:c:a:$:y:h:s of 1:2:12:3:3:1:1:1. Our results 
actually support the finding of McCarthy et al. (19) of a 
difference in half-lives between the atpB (a) gene and atpE 
(c) gene (but only by a factor of 1.5), while the functional 
half-lives of all of the atp gene mRNAs are virtually identical 
but are about 50% shorter than the functional half-life of the 
bulk mRNA. Thus, the major part of the differences in rates 
of synthesis of the subunits of the ATP synthase must be due 
to differences in the efficiency of the translation initiations 
and not differences in mRNA stability. 



MATERIALS AND METHODS 

Bacterial strains and plasmids. The strains used in this 
study are listed in Table 1, and the plas raids are shown in 
Fig. 1. 

All plasmids are pBR322 derivatives, including plasmid 
pBJC1888 (cI857 \pR-atpBEFHAGDC) (40) and plasmid 
pOMCll (atpB) (10). Plasmid pJNC33 carries the 2,137-bp 
fragment from the BgUl site in the C-terminal end of the gidA 
gene to the BamHl site in the N-terminal end of the atpB 
gene, cloned into the BamHl site on pMLB1034 (36). The 
atpB gene is fused in frame with the lacZ gene. Plasmid 
pOLC3 carries the 240-bp fragment from the C-terminal 
fftndlll site in the atpl gene to the BamHl site in the 
N-terminal end of the atpB gene cloned into pMLB1034. The 
atpB gene is fused in frame with the lacZ gene. Plasmid 
pOLC40 carries the 1,106-bp fragment from the C-terminal 
Hindlll site in the o/p/ gene to the Aval site in the atpE gene 
cloned into p MLB 1034, restricted with Hindlll and BamHl 
endonucleases. The protruding ends of Aval and BamHl 
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FIG. 1. Map of the atp operon and plasmids used in this study. Promoters: atplp % major atp promoter; atpB2p {atpBpJ, minor atp 
promoter; P M (p M ), promoter of the X CI gene, P R (pr), \p R promoter. Restriction (res.) sites: Bg, BgH\\ C, Clal; H, Hindlll; B, BamHl; A, 
Aval; M, MZuI. 
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sites were removed with mung bean nuclease before ligation. 
The atpE gene is fused in frame with the lacZ gene. 

Growth of bacterial cultures. Growth media and measure- 
ment of growth were described earlier (40). Growth media 
were supplemented with the necessary amino acids, leucine 
and arginine at 50 p.g/ml, and plasmid-carrying strains were 
supplemented with ampicillin at 100 jig/ml. 

Construction of RNAse Ill-deficient strain. OL264 and 
OL266 were constructed by transducing CN489 to GryA + 
with PI lysates from BL321 and BL322, respectively. The 
rnc phenotypes were confirmed by e xaminin g the processing 
of the stable RNA in the strains. 

Determination of functional mRNA half-lives. The func- 
tional half-life of the bulk mRNA of the cells was determined 
from the decay in total protein synthesis measured by pulse 
labeling. 

The functional stability of the mRNA was determined by 
measuring the ability of the cells to synthesize subunits of 
the ATP synthase or atpv.lacZ hybrid protein after addition 
of rifampin. 

The functional half-lives of mRNA of the atp genes from 
the partial diploid strain, CM845, were determined as fol- 
lows. Cells were grown at 30°C in rninimal medium (20 ml) 
with glucose and [ 3 H]leucine (50 n-g/ml; 50 \iQM\imo\). 
Samples were withdrawn at different times after addition of 
rifampin (300 jig/ml) and were pulse labelled for 30 s with 
[ 35 S]methionine (10 nCi/ml; 1,000 Ci/mmol) followed by a 
2-min chase with 100 mg of methionine per ml (30). Hie cells 
were harvested by centrifugation and washed, and mem- 
branes were prepared as described earlier (39). Hie mem- 
brane proteins were separated by sodium dodecyl sulfate- 
poryacrylamide gel electrophoresis (SDS-PAGE) and 
autoradiographed (41) on AGFA Structurix X-ray film, 
which has a linear response to 0 radiation in the range used. 

The functional half-lives of atpulacZ fusions were deter- 
mined as described above, except that because the atpvJacZ 
fusions separate well by normal SDS-PAGE, the membrane 
preparation could be omitted. 

The functional half-lives of atp mRNA expressed from the 
Xp R on a multicopy plasmid were determined as follows. The 
cultures were grown exponentially at 30°C then shifted to 
39°C for 3 min for induction before addition of rifampin. Hie 
temperature was shifted back to 30°C at the time of rifampin 
addition. The radioactive labeling procedure was performed 
as described above for atp genes from strain CM845. Mem- 
brane preparation could be omitted, because this pulse 
induction yields a very large fraction of the radioactivity in 
the various atp subunits (e.g., the autoradiograph in Fig. 2). 

Quantification of the proteins was done by optical scan- 
ning of the autoradiograms obtained after different exposure 
on an LKB Ultro Scan Laser Densitometer 2202, and the 
readings were corrected for sample volume variations and 
membrane recovery ([ 3 H]leucine prelabeling). 

The half-lives of all of the transcripts were determined 
from regression analysis of the rates of synthesis of the 
proteins. 

RESULTS 

The mRNA transcribed from the atp operon is inactivated 
faster than the inactivation of the bulk mRNA in E. colt. Strain 
LM1888 harbors plasmid pBJC1888 carrying the promoter 
p R of phage X fused to the eight ATP synthase genes atpB to 
atpC (Fig. 1). Inactivation of the heat-sensitive X repressor 
protein, which is expressed from the CI857 gene on the same 
plasmid, leads to induction of the atp genes. Addition of 
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FIG. 2. Autoradiogram of total strain LM1888 pulse labeled with 
[ 35 S]methionine at different times before and after addition of 
rifampin and separated by SDS-PAGE. The times for the different 
samples and the proteins measured are indicated. Rifampicin, ri- 
fampin. 



rifampin to induced cells enables us to measure the func- 
tional half-lives, at 30°C, of the mRNAs coding for the 
different subunits of the ATP synthase (Fig. 2 and 3). 
Furthermore, the addition of rifampin prevented the detri- 
mental effect of induction of the ATP synthase subunits on 
overall protein synthesis (40). The results (Fig. 3 and Table 
2) show that the transcripts from the atp genes were inacti- 
vated in the same sequence as they were transcribed. The 
functional half-lives of the mRNAs coding for the subunits of 
the ATP synthase were determined in parallel with the 
half-lives of other mRNAs, which code for distinct proteins 
on the same gel (Fig. 2 and Table 2), notably lipoprotein 
(lpp\ outer membrane protein (ompA), and elongation factor 
Tu (tufA and tufB). The transcripts from the six genes in the 
middle of the operon, atpE to atpD (subunits c, b, 8, a, 7, p), 
all had functional half-lives close to 2.5 min, while the 
transcript from the atpB gene had a somewhat shorter 
functional half-life of about 1.6 min. The functional half-life 
of the transcript from the last gene in the operon, atpC 
(subunit e), of 4 min was close to the half-life of the bulk 
mRNA of the cells, 4.5 min. The transcripts from tufA and 
tufB genes had the same half-lives of 4.5 min at 30°C as the 
bulk mRNA of the cells, in agreement with previously 
reported values at 30°C (30). The transcript from the ompA 
gene appeared to have a half-life of 10 min, while the 
transcript from the Ipp gene decayed with a half-life of 35 to 
40 min, as expected for these long-living mRNAs (26, 30). 
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0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30 min. 
FIG. 3. Representative curves of inactrvation of atp gene transcripts in strain LM1888. The data points show the synthesis of the different 
subunits before and after addition of rifampin normalized by the stoichiometry of the ATP synthase. Arrows indicate rifampin addition. 
Half-lives are shown in Table 2. 



The mRNAs coding for the X repressor and the ^-lactamase 
had half-lives of 1.2 min. 

The ratio of expression of subunits a> c, and b 0.5 min after 
addition of rifampin was 1:10:2 in accordance with the 
stoichiometry of the ATP synthase. The maximal expression 
of other subunits could not be used for stoichiometric 
calculations because of decay of the mRNA. 

In plasmid pBJC1888 the atp mRNA is initiated in the X 
DNA in front of the era gene. The transcript is then read 
through approximately 80 bases from E. coli oriC DNA into 
the C-terminal end of the atpl gene, 156 bases in front of the 
atpB gene. In order to rule out the possibility that the shorter 
half-life of the atpB transcript is a cloning artifact caused by 
the different sequences joined in front of the atp genes, the 
functional half-lives of the mRNAs, which code for different 
subunits of ATP synthase, were therefore determined at 
30°C in the partially diploid strain CM845, which carries an 
extra copy of the normal atp operon on a transducing X 
phage. In this strain (CM845), we were only able to deter- 
mine the half-lives for the mRNA coding for the a, c, a, and 
p subunits. The results (Table 2) show that the half-lives for 
the mRNAs for all four subunits were again shorter than the 
half-life for the bulk mRNA in this exponentially growing 



TABLE 2. Functional half-lives of atp gene transcripts and other 
mRNAs at 30X 



HalMives (min) of: 
Gene Subunit Stoichiometry* — — 

LM1888 OL283 OL2&5 CM845 



atpB 


a 


1 


1.6 


1.7 


1.5 


1.0 


atpE 


c 


12 


2.6 






1.7 


atpF 


b 


2 


2.6 


2.9 


3.6 




atpH 


8 


1 


2.4 


3 


2.6 




atpA 


a 


3 


2.5 


3 


2.5 


1.6 


atpG 


7 


I 


2.6 


3.2 


2.5 




atpD 


? 


3 


2.4 


3 


3 


1.5 


atpC 


e 


1 


4.0 


5.1 


2.2 




tuf 






4.5 








ompA 






10 






6.6 


Ipp 






35-40 






22 


cl 






1.2 








bla 






1.2 








Bulk mRNA 






4.5 






3.5 



* Derived from von Meyentwrg et al. (40). 



strain (3.5 min). The half-life for mRNA coding for the a 
subunit was 1 min, which was again 1.5 times shorter than 
the half-lives for the other three subunits (1.5 to 1.7 min). 
This showed that the low stability of subunit a-speciflc 
mRNA was not a cloning artifact introduced by the >p R 
promoter. The half-lives for the mRNAs coding for the 
OmpA and the Lpp proteins were also measured (6.6 and 22 
min, respectively). 

The difference in half-lives between the two strains is 
apparently due to the temperature induction — 3 min at 
39°C— used for strain LM1888; such a heat shock caused a 
1.4- times increase in the functional half-life of the bulk 
mRNA in a control strain CM1471 (data not shown). The 
relative proportions between the half-lives of the different 
mRNAs in the two strains, LM1888 with heat induction and 
CM845 without heat induction, were the same. 

Location of the signal for stability of the mRNAs. The 
functional half-life of mRNA coding for lacZ gene fusions 
can easily be determined because the fusion proteins are 
normally well separated from other proteins on SDS-PAGE. 
We have used two fusion plasmids, pJNC33 and pOLC3, 
with the same subunit a::p-galactosidase fusion, but with 
different 5' leader sequences (i.e., with and without the 5' 
leader and atpl gene, respectively), and plasmid pOLC40 
with a subunit c::p-galactosidase fusion (structures of the 
plasmids are shown in Fig. 1). The half-lives of the tran- 
scripts of the atpyJacZ fusion genes of 1.2 min for the 
atpBwlacZ transcript (pJNC33 and pOLC3) and 3 min for the 
atpEidacZ transcript (pOLC40) were close to the half-lives 
of the transcripts for subunits a and c, respectively, from 
plasmid pBJC1888. This shows that the half-life of the 
transcript of the atpBwlacZ fusion gene is also independent 
of the 5' leader and atpl gene sequence, as was found with 
the half-life of the transcript of the atpB gene. 

Furthermore, the results show that the signals for the 
stability of the mRNAs coding for these fusions are located 
in the 5' end of the sequence of the atp genes, all three 
plasmids having the same 3' end because they are all 
pMLB1034 derivatives. The signals for the inactrvation rate 
of the mRNAs specific for the atpB and atpE genes are 
therefore most likely located close to the translation initia- 
tion sites of these genes. 

The functional inactivation rate in the operon is not caused 
fay an RNase m site. Inspection of the sequence of the atp 



Vol. 175, 1993 



FUNCTIONAL HALF-LIVES OF atp mRNAs 5795 



operon suggested an RNase III site in the beginning of the 
atpB gene. SI mapping of RNA transcribed from plasmid 
pOMCll in the two isogenic strains OL264 and OL266 did 
not reveal any differences in the two strains (results not 
shown). The short half-life of the transcript from the atpB 
gene is thus not caused by cleavage of the mRNA by RNase 

ra. 

The functional half-lives of the transcripts from pBJC1888 
in the two strains were identical to the half-lives determined 
in strain LM1888, except that the transcript from the atpC 
gene had a half-life of about 2.5 min, similar to that of the 
transcripts from the other distal genes in the mc strain and in 
contrast to what was found in the wild-type strains (Table 2). 

This also shows that the functional half-lives of the tran- 
scripts from pBJC1888 are most likely strain independent, 
because strain OL283 and strain LM1888 are derivatives of 
strain MC1000 and strain ER, respectively. 

DISCUSSION 

From the atp operon, a poJycistronic mRNA is expressed 
that encodes nine peptides (12, 42), eight of which are 
subunits of ATP synthase. We have followed the functional 
inactivation of the mRNA of the atp operon at 30°C, both 
from a transcriptional fusion between the phage Xp R pro- 
moter and the atp genes, rendering them inducible, and from 
the intact atp operon in an exponentially growing strain 
diploid for the atp operon. The inactivation of the mRNAs 
was two times faster than the inactivation of the bulk mRNA 
of the cells, except for the mRNA from the promoter- 
proximal atpB gene, which was inactivated three times faster 
than the bulk mRNA, and the mRNA from the last gene, 
atpC, which was inactivated at the same rate as the bulk 
mRNA. The differences in functional decay between the 
mRNAs coding for the various atp genes thus contribute to 
a limited extent to the stoichiometry of the ATPase subunits. 
The differences in expression of the ATPase subunits must 
then be due to differences in the efficiencies of translational 
initiation. 

McCarthy et al. (20) have shown that the region between 
the atpB and atpE genes has translation enhancer activity, 
and Patel and Dunn (28) and Gross (13) have found that the 
same region is cleaved by RNase E. Therefore, this region 
also appears to be the border between two parts of the atp 
transcript, with a 1.5-fold difference in functional half-lives. 

McCarthy et al. (19) have recently found that the func- 
tional half-lives of the mRNAs encoding the a (atpB) and c 
(atpE) subunits of the ATP synthase differed by a factor of 3 
to 6 (2 min and 7 to 12 min, respectively, at 42°C). 

While most E. coli mRNAs are inactivated with half-lives 
of between 0.5 and 3 min at 37°C (1, 30), a few mRNAs 
which code for outer membrane proteins — e.g., OmpA and 
Lpp — have considerably longer half-lives (10 min or more) 
(14, 17, 26, 30). The long half-life of 7 to 12 min for the atpE 
mRNA observed by McCarthy et al. (19) is in the same range 
as the half-lives for the mRNAs coding for outer membrane 
proteins (Lpp and OmpA). It seems surprising that the atpE 
mRNA should not have been identified earlier as a semi- 
stable mRNA, either in minicells (17) or in the presence of 
rifampin (14). 

The explanation for this paradox and the discrepancy 
between the results of McCarthy et al. (19) and those of the 
present analysis of the atpB and atpE mRNA stability may 
lie in the specific experimental procedure chosen. McCarthy 
et al. (19) used a plasmid with the atp operon expressed from 
the X/? L promoter. The experiments were performed at 42°C 



after a 20-min induction at the same temperature. We also 
used temperature induction, but we used the weaker )sp K 
promoter and a lower temperature (39*0) for induction, we 
limited the induction to relatively short periods (3 to 5 min) 
in order to avoid the anticipated side effects of atp operon 
induction, and we performed the experiments at 30°C. von 
Meyenburg et al. (40) have shown that rapid induction of the 
atp operon induces (i) partial collapse of the membrane 
potential within 4 to 6 min of induction and (ii) cessation of 
growth and protein synthesis and concomitant loss of cell 
viability. It is likely that the rather extended half-lives of the 
atpE mRNA are an artifact due to a strong and prolonged 
temperature induction by McCarthy et al. (19). McCarthy et 
al. also used plasmids on which the atp operon was ex- 
pressed from the weaker lac promoter, but in our experience 
(40), this promoter (with approximately 1.5 times the 
strength of the atp promoter) is strong enough to provoke the 
detrimental effects of induction of the atp operon on a 
pBR322-derived plasmid. Furthermore, it is not possible to 
deduce from the paper of McCarthy et al. (19) the exact 
experimental procedures used in the experiments with the 
lac promoter. 

Our results (Fig. 3) show that the active atpB mRNA is 
reduced to 10% when the atpG 9 atpD, and atpC genes are 
being transcribed and translated at maximal rates. This 
might imply that not all of the cistrons on the 6.5-kb mRNA 
(atpG probe) identified by Schaefer et al. (35) are translated 
at the same time and that the mRNA might be inactivated 
before it is degraded, in agreement with the model suggested 
by Petersen (33). 

The signal for the differential instability of the transcripts 
might be located close to the 5' ends of the atpB and atpE 
genes, because the transcripts of translational fusions be- 
tween the atpB and atpE genes and the lacZ gene had the 
same half-lives (1.2 and 3 min, respectively) as the tran- 
scripts of the normal atpB and atpE genes (Table 2). 
Petersen (31) has shown that fusion of lacZ to a gene close to 
the translation initiation site might result in very short 
half-lives of the mRNA. In this study, the fusion points 
between the atp genes and the lacZ gene were separated 
from the initiation site by 87 to 90 bp. Because the half-lives 
for the transcripts of the lacZ fusions were very similar to 
the half-lives found for the normal atpB and atpE mRNAs, it 
is fair to assume that the decay of the gene fusion transcripts 
is controlled by the same rate-determining signals as the 
stability of the normal transcripts. 

RNase III does not seem to be responsible for setting the 
average decay rate of atp mRNA or for the differential 
effects between atpB and atpE, because the functional 
half-lives of the transcripts from the atp operon in an mc 
mutant are virtually the same as in the wild-type strain, with 
the exception of that from the atpC gene, which in this strain 
had a functional half-life close to those of the transcripts 
from the rest of the operon. 

The values for the functional half-lives of atp mRNA at 
30°C are 1.0 min for atpB and 1.6 min for most of the other 
genes, the latter being approximately 50% of the half-life of 
the bulk mRNA at 30°C. Both the overall half-life and the 
half-lives of the transcripts of the ompA, lpp, tufA y and tufB 
genes are in good agreement with published results (26, 30). 

Why is the atp mRNA less stable than other mRNA? Is 
this a fortuitous feature, or does it reflect a selective advan- 
tage to the cells? This question must remain open. One 
possible answer could be that a short half-life of an mRNA 
combined with more efficient transcriptional and transla- 
tional initiations is a strategy that would result in a more 
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precisely determined amount of the product synthesized 
than less-efficient initiations combined with a longer half-life 
of the bulk mRNA. The amount of ATP synthase in E. coli 
seems to be precisely adjusted to yield a maximal growth 
rate (15). 
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A cluster of genes encoding subunits of ATP synthase of Anabaena sp. strain PCC 7120 was cloned, and the 
nucleotide sequences of the genes were determined.. This cluster, denoted a$pl t consists of four F 0 genes and 
three F 1 genes encoding the subunits a (atpl), c (atpH), b' (atpG), b (atpF), 6* (atpD) f a (aptA), and 7 (atpC) in 
that order. Closely linked upstream of the ATP synthase subunit genes is an open reading frame denoted gene 
1, which is equivalent to the unci gene of Escherichia colL The atpl gene cluster is at least 10 kilobase pairs 
distant in the genome from apt2, a cluster of genes encoding the 0 {atpB) and e (atpE) subunits of the ATP 
synthase. This two-clustered ATP synthase gene arrangement is intermediate between those found in 
chloroplasts and E. coli. A unique feature of the Anabaena atpl cluster is overlap between the coding regions 
for atpF and atpD. The atpl cluster is transcribed as a single 7-kilobase polycistronic mRNA that initiates 140 
base pairs upstream of gene 1. The deduced translation products for the Anabaena sp. strain PCC 7120 subunit 
genes are more similar to chloroplast ATP synthase subunits than to those of E. coli. 



The proton-translocating ATP synthase is a multimeric 
membrane protein complex that couples a transmembrane 
gradient of electrochemical potential energy produced dur- 
ing electron transport to formation of ATP. This ubiquitous 
enzyme is found in cell membranes of bacteria, in inner 
mitochondrial membranes, and in thylakoid membranes of 
plant chloroplasts (reviewed in references 15, 18, and 30). In 
all examples studied the enzyme consists of two multimeric 
components: an extrinsic portion, F,, composed of subunits 
denoted a, p, 7, 5, and e, and in integral membrane portion 
F 0 , composed of several subunits which vary depending on 
the source of the ATP synthase. In Escherichia coli and 
chloroplasts, the two systems used for comparison in this 
study, there are three (a to c) and four (I to IV) F 0 subunits, 
respectively. 

In E. coli, genes encoding all eight subunits of the ATP 
synthase are tightly linked and cotranscribed (15). For the 
ATP synthase of chloroplasts, genes for some subunits are 
encoded in the nucleus and others, are encoded in the 
organelle genome. The chloroplast ATP synthase genes of 
higher plants are organized into two separate transcriptional 
units: the p and e genes are linked and cotranscribed (35), 
while a second cluster containing the I, III, IV, and a subunit 
genes map many kilobase pairs away in a second ATP 
synthase gene cluster (9, 19). The 7, 5, and subunit II genes 
are nuclear (34). 

The cyanobacteria are procaryotes with an oxygen- 
evolving photosynthetic system nearly identical to that of 
plant chloroplasts. The similarity between cyanobacterial 
and plant photosystems, as well as the procaryotelike fea- 
tures of chloroplasts, lends support to the proposal (28) that 
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plant chloroplasts may have evolved from close relatives of 
the cyanobacteria. The characterization of ATP synthase 
genes provides an opportunity to study the evolution of an 
important set of genes present in bacteria, cyanobacteria, 
and chloroplasts. In previous work the genes encoding the p 
(atpB) and e (atpE) subunits of the ATP synthase in Ana- 
baena sp. strain 7120 were shown to be linked and cotran- 
scribed (10). In this paper the structure and arrangement of 
the genes encoding the a (atpA), 7 (atpC), 8 (atpD), a (atpl), 
b (atpF), b* (atpG) t and c (atpH) subunits of the ATP 
synthase from Anabaena sp. strain 7120 are reported. These 
genes are tightly linked in the order atpI~atpH~atpG-atpF~ 
atpD-atpA-atpC and form a single transcription unit. Pre- 
ceding atpl and within the transcription unit is an eighth gene 
of unknown function denoted gene 1. The 7-kilobase (kb) 
polycistronic mRNA is initiated 140 base pairs (bp) from the 
start of the operon. This large ATP synthase gene cluster is 
at least 10 kbp from the atpB-atpE operon. A similar 
arrangement of two ATP synthase gene clusters has been 
reported for the cyanobacterium Syriechococcus sp. strain 
PCC 6301 (8). 

MATERIALS AND METHODS 

Isolation of cyanobacterial, bacteriophage, and bacterial 
DNAs. Anabaena sp. strain PCC 7120 total cellular DNA 
was isolated from 15-liter cultures as described previously 
(11). Lambda bacteriophage and E. coli strains were grown 
and phage and plasmid DNA were isolated as described 
previously (38). 

Isolation of genomic clones containing ATP synthase genes. 
A recombinant phage library of Saul AI partial fragments of 
Anabaena sp. strain PCC 7120 total DNA cloned in the 
lambda vector X.L47.1, obtained from James Golden, was 
screened by plaque hybridization (38) by using a cloned 
fragment of Chlamydomonas reinhardii chloroplast DNA. 
The plasmid p86, obtained from J. Boynton, contains a 
3.6-kbp EcoRl fragment of C. reinhardii chloroplast DNA 
that carries the 5' end of the atpA gene. p86 was digested 
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FIG. 1. Physical map of the region containing the Anabaena sp. strain PCC 7120 atpl gene cluster. The lines denoted An700 and An710 
represent the inserts of Anabaena DNA from the recombinant clones XAn700 and XAn710, respectively. Symbol: gene coding regions 
within which the gene (atp) designations are given. Gene product designations are given below the genes. The atpF and atpV coding regions 
overlap, atpl is transcribed as a polycistronic mRNA that initiates 140 bp upstream of gene 1. the numbered bars indicate specific DNA 
fragments used in Northern and Southern blot hybridizations. Abbreviations for restriction endonuclease sites: X, Xbal', Hp, Hpa\\ H, 
Hindlll; E, EcoKl. 



with £coRl, and the plasmid insert was purified by electro- 
elution from a 0.8% agarose gel. The insert was cloned into 
an SP6 vector (Promega Biotec, Madison, Wis.), and a 
32 P-labeled ribonucleotide probe was prepared as specified 
by the manufacturer. Labeled probes were purified by 
passage through a Sephadex G-25 spin column (27) and 
hybridized with plaque lifts as previously described (38). 
Following hybridization, the filters were washed once in 2x 
SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citratej- 
0.5% sodium dodecyl sulfate at room temperature for 20 min 
and then a second time in 0.1 x SSC-0.5% sodium dodecyl 
sulfate at 42°C for 2 h. A final 30-min wash was carried out 
under the same conditions as the second wash. 

Positive clones from the screening with the atp A probe 
were rescreened with an atpH probe. The atpH probe, 
obtained from John Gray, contained a 140-bp HaeUl- 
Hindlll fragment internal to the pea chloropiast atpH gene 
cloned into Ml3mp9 (22). The double-stranded form of the 
atpH clone was digested with Hindlll and BamHl, and the 
insert was purified by electroelution from a 1.5% agarose gel. 
The fragment was cloned into an SP6 vector (Promega 
Biotec), and a 32 P-labeled ribonucleotide probe was pre- 
pared as described above. One clone, denoted \An700, 
which hybridized with both the heterologous atpH and atp A 
probes, was selected from the lambda library of Anabaena 
sp. strain PCC 7120 DNA and characterized further. 

Mapping and subcloning of Anabaena ATP synthase gene 
fragments. A restriction endonuclease map of \An700 was 
determined by using Hindlll, EcoRl, and Xba\. Southern 
blots containing various restriction endonuclease digests of 
\An700 were hybridized with the heterologous atp A and 
atpH probes. The Hindlll fragments homologous to these 
two probes and Hindlll fragments which mapped between 
them in XAn700 were subcloned into the M13 vectors mpl8 
and mpl9 (Fig. 1). An Xbal fragment which overlapped the 
two <zpf A-homolpgous Hindlll fragments was also subcloned 
into the same M13 vectors (Fig. 1). 

Initial DNA sequence determinations on the cloned 
Hindlll fragments indicated that XAn700 did not contain the 
entire gene cluster. A probe from near the 5' end of the 
\An700 insert (Fig. 1, probe 3) was therefore used to screen 
the XL47.1 recombinant library for an overlapping clone. 
One clone, denoted XAn710, which was complementary to 
probe 3 but not to probe 4 (Fig. 1), was selected and mapped. 



A 1.3-kbp £coRI-/7i/idIII fragment of XAn710 containing the 
5' end of the gene cluster and upstream sequences was 
subcloned into M13mpl8 and M13mpl9. 

Analysis of ATP synthase gene copy number. The number 
of copies of the ATP synthase genes in the Anabaena sp. 
strain PCC 7120 genome was determined by hybridization of 
ATP synthase gene probes to Southern blots of Anabaena 
cellular DNA digested with Hindlll or EcoRl. Probes 1 
through 4 consisted of restriction fragments produced by 
digestion of XAn700 DNA with Hindlll and EcoRl. Probe 5 
was produced by digesting \An700 with Xbal and Hpal. The 
fragments were purified by electrophoresis from agarose 
gels, 32 P labeled by nick translation, and hybridized with 
Southern blots as described previously (38). 

DNA sequence determinations. The sequences of the 
Hindlll and Xbal fragments subcloned in M13 were deter- 
mined by using the chain termination method (39) and 
site-directed oligonucleotide primers. The sequences of both 
strands were determined] Sequence analyses were per- 
formed by using the 1BI DNA/Protein Sequence Analysis 
System computer software (International Biotechnologies, 
Inc., New Haven, Conn.). 

RNA analysis. Total RNA was isolated as described pre- 
viously (44). RNA was denatured with formaldehyde and 
formamide, fractionated on 1% agarose gels containing 2.2 
M formaldehyde, and then transferred to nitrocellulose as 
described previously (27). Size markers consisting of DNA 
fragments of known size (1-kb ladder and lambda DNA 
digested with /7/ndIII [Bethesda Research Laboratories, 
Inc., Gaithersburg, Md.]) were similarly denatured and 
fractionated. Northern (RNA) blots were hybridized with 
nick-translated probes 1 through 5 (Fig. 1) and washed as 
described for Southern blots. 

Oligonucleotide synthesis. All oligonucleotides were syn- 
thesized in an automated DNA synthesizer (model 380A; 
Applied Biosystems, Inc., Foster City, Calif.). Oligonucleo- 
tides were prepared for DNA sequencing or primer exten- 
sion as described previously (10). 

Primer extension and SI nuclease assays. Primer extension 
assays were performed as described previously (10) by using 
an oligonucleotide primer of 15 bases specific to the gene 1 
coding region (Fig. 2). 

A probe for the SI nuclease protection assay was prepared 
by cloning the 1.3-kbp //wdlll-EcoRI fragment (Fig. 1, 
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100 

TTACACAACAAGGTTGAGGAGCATTCCCT<^TCTTGCCTCTCCTATCTAGCTTATCCTCAGGCTAA G T' W T T C ' ICT AACCCTATCTCCTCCGCAAGAACT 
TAAT T CT TTTTI TCTAAAGT^VrGTTACCGGATCGTGATAT^TfrCAGCTGACTGA^ 

300 

GACCTTGTC AGAAGAACCAATTTCACCCACCCCGACAACACGACAAGAT ACTCAAC C T GG TT T ¥G ACGACCC AGAACCAGCAAACTCTTCCATCCACCAC 

HQS 
gene 1 

- * 400 

TTTT ATCAACTCTATCAAGAGTTGQTGTTAATCACTCTTGTCTTAACAGGG O 1 l li 1 AT^ATCTCTGTCTGGATCTTTTATTCCTTAAACATTGCTCTGA 

PYQLTQBLVLITLVLTGVVP I SVWIPYSLNXAL 

ATTATTTATTAGGAGCGTGTACAGGTGTGGTTTACTTGAGGATGffTGGCAAAAGA 

NYLLGACTGVVYLRIILAKDVBRLGRBKQSLSKTR 

GTTGGCGTTATTAAIGGCGCTGATTTTGCTGGCAGCACGm 

LALLHALILLAARWHQLQIHPIPLGPLTYKATL 

• . • • • . . « 700 

ATCATTTATGTAGTTAGGGTGGCTTTTATCTCTGACT^GCCAAAGCrCCGG 
IXYVVRVAPXSDSPKLRQP* 

AATGGAAGGAAAATGTTGAAT«TCTGAACITTrACTCTOT 

MIiNPLNPYSVPLABLBVGKHLYWQXGNLK 

• • • . • 900 

TGCACCCTCACCTCTTTCTCACCTCTTCCTTTGTTATTGGCGTGCT^ 

LRGQVP LTSWPVIGVLVLASVAASSNVKRI P S G I 

......... 1000 

ACAGAACCTACTGGAGTATt^CCKHaAATTCATTCGGGATTTGGCTAAAAACCAGATTGGCG 

QNLLBYALBPIRDLAKNQIG8KBYRPWVPPVGT 

........ 1100 

TT UI 'TT WW ^TTTIT G T G TCAAATTGOTCACCAGCCTTACTTCCCTTCAAGCT^ 
LPLP I PVSNWSGALVP PKLXBLPBGBLTAPTSD 

TCAATACAACTGTTGCATTAGCTTTGTraCATCCTTGGOT 

X NTTVALALLTSLAYPYAGP SKKGLGYPGNYV QP 



......... 1400 

GTGGCCGTACTGGTAWACTAGTGCCTTTATTTGTACCTTTGCCAGTAATGGCTTTCCCA 
VAVLVLLVPfc P V PLPVMAPPLPTSAIOALIPAT 

••••••••• 1500 

TGGCTGCGGCTTACATCGGTGAAGCGATGGAAGATCATCATGGCGAAGAGC^^ 

LAAAY IGBAM8DHHGB8BB8BH* * 9 I 

ACGGACCACTAACAAAACCATTCGTTTCACTAAAGTAAGGAAAGM^ 

— — T HDPLVSAASVLAAALAV 

......... 1700 

TGGTTTGGCTGCAATCGGCCCTGGTATTGGTCAAGGTAATGCAGCAGGACAAGCTGTAGAA 

GLAAIGPGIGQGNAAGQAVBGIARQPEAEGKXR 

••••••••a 1800 

GGTACATTACTACTCAGTTtGGCGTTCATGGAAGCGCTAACCAT<aACGGTCTAGT^ 
GTLLLSLAPMBALTIYGLVVALVLLP ANPPA* — 

......... 1900 

TACTCACTACTCGG TGCTCACTGCTCAGTCTTC ACTGAAAATACTTACCA 

> t— T r ? ■ / r > / * * — — 

• 2000 
TCACAACTCAGGACTAACATAGYAGATAGGAACAAGCAAACATGACACAnGGATCAGCRATTCGCGG 

— ~ MTHtflTLL AVEKVAK EGGLP 

AtfiG 

......... 2100 

TGATTTAGATGCTACCTTACCCTTAATtSGCAATCCAGTTCCTCrrCTTAGCTCT^ 

OLDATL. PLNAIQPLLLALILNATLYKPLGKAID 

• • • • • • • . " . 2200 

CGGCGAAATXSAATATCTTCGTAACAATCAAWAGAAGCCCAAGAGCGTTTGrc 
GRN8YVRNNQLBAQERLS KABK LABA Y BQBLAG 
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2300 

CTAGAO^AAGCACAAACAATTATTGCTGACGCTCAAGCCGAAGCCCAAAAAA 

ARRQAQTI XADAQA8AQR I A A B R VAAAQRBAQAQ 

2400 

AAGAGAACAAGCGGCCGGTGAAATTGAGCAGCAAAAACAGCAGGCTCTGGCTTCCTTAGAGCAACA^ 

RBQAACEIEQQEQOALASLEQQVDALSRQILBR 

2500 

CTTTTGGGAGCCGATCTAGTAAAGCAGCGCTAACTCAATAAATTTAGTCATTAGTCATTGGTCATTAGTCATTAGTC^ 
LLGADLVKQR* ■ / T / j p / — 

•*••••••• 2600 

AATGACACAAACCTTTGGCAGCGCAGTTGTGGATGAAAAATCATGGGGACTTTTTTACTGTTGATGGCGG 

9 MGTP LLLMABASAVGGBLA 

....... 2700 

AAGGTGGGGCGGAAGGTGGTTTTGGTTTAAATACCAATATTCTCGACA 

EGGAEGGPGLNTNI LDTNLINLAI I ITVLFVPGR 

GAAGGTmrcGTAATACCCTGAAAACTCGCCGCGAAAACATTGAA^ 

RVLGNTLRTRRENI BTA I K NA B 0 RAADAA K Q L R 

2900 

GAGGCGCAACAAAAACTAGAGCAAGCACAAGCAGAAGCTGAGAGAATCAAAAAATCAGCCCAAGACAATGCTCAAACCGCAGGTC 
EAOOKLEQAQABABRIKKSAQDNAQTAGQAI IA 

• • • • • 3000 
AAGCTGCTGTAGATATTGAACGCrTACAAGAAGCAGGGGCAGCAGAOTGAA 

QAAVDIERLQBAGAADLNABLDRAXAQLRQRVVA 

......... 3100 

TTTGGCATTGCAAAAGGTCGAATCAGAACTGCAAGGTGGCATTAGTGAAGATGCTCAAAAAACTCT 

LALQKVBSBLQGGXSBDAQKTLIDRSIAOLGGG 

• . • 3200 
GTATGACAAGTAAAGTAGCAAACACrGAGGTAGCTCAACCTTACGCTCAGGCA 

V • 

MTSRVANTBVAQPYAQALLSIAKSRSLTBBPGT 
atpD 

........ 3300 

AGATGCGCGTACTTTGCTGAACCTGCTGACAGAAAATCAACAGCTACGCAACTTCA 

OARTLLNLLTBNQQLRNP XDNPP IAAENKRALI 

3400 

AAACAAATATTGACTGAAGCTAGCCCTTACCTACGTAACTTCTTACTGTTCTTGGTAGATAAACGACGCA TTT TCTTCTTGC 
RQILSBASPYLRNPLLLLVDRRR IPPLPEILQQ 

3500 

ATTTGGCTCTCTTACGGCAACTGAATCAAACCGTATTAGCGGAACrrTACTTCTG^ 

YLALLRQLNQTVLAEVTSAVALTBDQQQAVTERV 

*•••••••• 3600 

ATTGGCACTCACCAAAGCTCGTCAAGTGGAACTGGCAACCAAGGTAGACAGTGACCTGATTGGTGGTGTGATCA 

LALTRARQVBLATRVOSDLIGGVI IRVGSQVID 

••••••••• 3700 

TCTAGTATCCGGGGTCAGTTGCGTCGCCTCTCCTTGCGCTTAAGCAATAGCTAGAAAGTTCAGAGGTTAAACT 
SSIRGQLRRLSLRLSNS* , , 

3800 

ATTAAAATTGTTTGTGATTTGTGGTTAACTCTTAACACCTCAAACTAAATGCAGA 
r / 

3900 

GAAAAAAAGATACACACATGAGCATTTCAATTAGACCTGACGAAATCAGCAGTATTATTCAGCAGCAAATCGAGCAATA 

HSISIRPDBISSIIQQQIEQYDOBVRVA 
atpA 

*•*••••• 4000 
TAACCTCGGTACTGTACTACAAGTAGGTGACGGTATCCCCCGGATCTATGGTCT^ 

NVGTVLQVGDGIARIYGLBRAMAGBLLEPBDGT 



• • ....... 4100 

GTTGGTATCGCCCAAAACTTAGAAGAAGATAACGTTGGTGCGGTACTGATGGGTGAAGGCCGGGAAATTCAAGAAGCT 
VGIAQNLBEDHVGAVLMGBGREIQBGSTVTATG 

•••••*•• 4200 
GAATTGCTCAAATCGGTGTCGGTGAAGCCTTAATTGGCCGCGTTGTCGATGCTTTGGGTCGTG 

RIAQIGVGBALIGRVVDALGRAIOGRGDIRASES 

•••*•-*.• 4300 
CCGCTTGATTGAATCTCCTGCGCCTGGTATCATCGCTCGTCGTTCCCTACACGAAC^ 

RtlBSPAPGIXARRSVHBPNOTG'ITAIDSHIPI 
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......... 4400 

C0CC0T G CYOUlCCCCAATT*ATCACTCgfCACCCTr»M C AICTAA^ 
GRGQRBlt XGDRQTGKTAXAIDTI XMQKGBDVV 

*.•••...• 4500 
GCgrTTM»TTQCCATTQOTCAAAAAQCTTCTJU^ 

CVYVAIGQKASTVANVVOYLQBKCAMOYTVVVAA 

TGGTGCCAGTGAACCTOCTACCCTACAATTCCTGOCT^^ 

GASBPATLQPLAPYYGAfXABYPHYKGIAYLVX 

•••*..« . . 4700 

TACQACCACTTATCT A AGCAAO CTO UUXTTATCCCCA ^ 
YDDLSI0 AOAYRQM8LLLRRPPGC8AYPCDVPY 

4S00 

TTCACTCTC UI 1 UU l<.O AAACA O CAQCA A AACTCAOTqATCAACT CO < ff AAAO O YAOCA 

IB8RLLBRAAKL8DBLGEG8HTALPIIBTQAGDV 

......... 4100 

TTCTGCCTACATTCCTACCAACGTAAmcrAnACAOAC 

SAYXPTMVXSXTDGQXPLSSDLPMAGXRPAVNP 

»..*..... 5000 
OaTAtCtCtCTATOCCGTOt OCC Tt C T ^ CCCA C AAA C CAAAOC G AtCA^ 
GI8VSRVGSAA0TKAHKKVAGKIKLBLA0PDDL 

•••••••• 5100 

AAGCCTTOGCGCAATTTGCTTOCGACCTAGATAAAGCCACOCAAGACCAATTGGCAAfiAGGTCA 

QAPAQF A 8DI.DKATQD QLARGQRLRBI.LK08QHO 

*••*..... 5200 
GCCTCTATCCCTAOCTGAACAACTAQCCATTCTtgACGCAGCTOTGAACGGtTACW 

PLSVABOVAILYAGIMGYL DDIPVDKVTTPTKG 

.«•••••.. 5300 

LRDYLI SGVHPYP QDVQ8KKALGODBBKALBAA 

....... . . 5400 

TAGAAGACTACAAAAAGACCnCAAAGCTACAGCGTAATTAGSCKTTAGTCAnGGTC^ 

LBOYKKTFKATA* / p y / p , 



CTGACAACTOCAATCAACAAATATTAraCTAATCTCA^ 

1 > MPHLK8IRDRI0SVK NTIKITBAMR 

ItBC 

.*•.*•••. 5600 

mGCTGACCGTTTGOCACAAGTATTATAOGGYTTOCAAACT 




CGTCTACGGTTTCAAGATGTAGACTTACCTCTACTCAAAAAACGGGAAGRAAATCA^ 
RLRPBDVDLPLLKKRBVK8VGLLVI8GORGLCG 

••*•••• 5000 
CTTACAATAOCAACgfCAT^CCTCCTO C CGAAAACCQCOOCAACGAACtCAAOOCAGAAOGTCTAGATT 

GY HTHVI RRABHRAR BLKABG LDYTPVZVGRKAB 

• •••••• • • 5900 

ACAATATTTTAGACGGCGrGAGCAACCCATCGATGCTA<ITTAf*CT^^ 

QYPRRRBQPIDASYTGLBQIPTADBANIIADBL 

• • * • • • • . • 6000 

CTCrcTTIATTCCTCTCAGAAAAACTACACCGCATCGACTTAG 
LSLPLSBKVDRIBLVYTRPVSLVSSRPVIOfLL 

......... 6100 

CCCTTGACACTCAAGGmAGAAGCAGCCGATGACGAAATATTCCGmGA 

PLDTQGLBAADDB IPRLTTRGGQP QVBRQTVTSQ 



...... . . 6300 

CTGCAA6A0TCAGCCCCTA0T0AATTAQCCCCGCCCATGACAQCAATGAQCAACQCTACTCAAAA 
L06SAASBLAARHTANSNASBNAGBLIK8LSL6 

• • • « • ♦ . . . 6400 

ACAACAAAQCCCGT<^GCaXXATTACCCAAGAACTTCffC^ 

YHBARQAAXTQBLLBVVGGABALT* — 

••••••• 6500 

ATAGCTAATTGCTAGraCTTTCAACYTGGCM 

y \ 
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••••••••• €600 

TACGAJtTTAAAAATCCCGTACTATAATGACM 

• •••••••• 6700 

GACTCTCCTCTGCAAATCAAGGCTCAAAACAAAAGTAAATGCCAATAACATCGTTAAATTTCCTCGTAAGGAC^ 



TTCAGGTTCGACCCTCTTCGGm 



6800 



* • « 6900 

TTAATCAGA0CATCX^AC(nTCGGGATAATGAACGATTCCC(XXrrTGA6 

•*••*•••• 7000 
ACAGCAGTTCGACTCTGCTCGATCCACTAACAGTAAATATACnTAACAAGTCCACTTC 

9 \ 

FIG. 2. Nucleotide sequence of the noncoding strand of the apt! gene cluster and flanking regions. Translation products are given below 
the nucleotide sequence. The complement to the sequence of the primer used in the primer extension assay is ovcrlincd. The arrowhead 
indicates the 5' end of the mRNA transcript as determined by primer extension. Clusters of direct repeat sequences are underlined by arrows. 
Convergent arrows mark inverted repeat sequences capable of forming stable stem-loop structures in mRNA. 



probe 1) of \An710 into the vector pBS M13 + (Stratagene 
Cloning Systems, San Diego, Calif.). A full-length 3Z P- 
labeled ribonucleotide probe complementary to the mRNA 
was prepared as specified by the manufacturer. SI nuclease 
assays were performed as described previously (27) with the 
ribonucleotide probe and total RNA. 

RESULTS 

Cloning of the ATP synthase genes. A lambda recombinant 
library of total Anabaena sp. strain PCC 7120 DNA was 
screened with a probe containing a portion of the gene for 
the a subunit (atpA) of the ATP synthase from C. reinhardtii 
chloroplasts. Positive clones were rescreened with a c sub- 
unit gene (atpH) from pea chloroplasts. A clone denoted 
\An700, which hybridized with both the atpA and atpH 
probes, was selected and characterized by restriction endo- 
nuclease mapping (Fig. 1). 

Hybridization of the atpA and atpH probes to restriction 
endonuclease digests of \An700 DNA indicated Hindlll 
fragments of 1.3 and 2.8 kbp with homology to atpA and a 
3.6-kbp frmdlll fragment with homology to atpH. The 
afp/Z-homologous fragment contained one end of the Ana- 
baena DNA insert in XAn700 and approximately 2.0 kbp of 
vector DNA. The three identified fragments and the /find I II 
fragments which mapped between them in XAn700 were 
subcloned into M13 vectors. An Xbal fragment which over- 
lapped the two atpA homologous Hindlll fragments was also 
subcloned into Ml 3. 

DNA sequence analysis of the ATP synthase genes. The 
sequences of the subcloned Hindlll and Xbal fragments of 
\An700 were determined. Translation of the DNA sequence 
revealed that one end of the insert in XAn700 fell within an 
open reading frame (ORF) which was followed by six closely 
linked ORFs on the same DNA strand (Fig. 2). To obtain the 
sequence of the incomplete ORF and upstream sequences, 
we isolated an overlapping clone, denoted XAn710, from the 
lambda recombinant library (Fig. 1). A 1.3-kbp HindlU- 
EcoKl fragment of \An710 containing the incomplete ORF 
was subcloned, and its sequence was determined. This 
fragment contained the 5', end of the partial ORF from 
XAn700, which was preceded by an additional closely linked 
ORF (Fig. 1). Thus, the entire gene cluster contained eight 
ORFs and was denoted atpl in accordance with the nomen- 
clature proposed by Cozens and Walker (8). 

There are no other ORFs on either strand of the DNA in 
close proximity to the atpl cluster. The 1.3 kbp of sequence 
characterized downstream from atpC does not contain any 



ORFs, nor does the 700 bp of sequence upstream from gene 
1. 

Identification of ¥ t subunit genes. Cyanobacterial ATP 
synthases are similar in size to those of E. coli and chloro- 
plasts (20, 26), and the F x component is composed of five 
subunits (a, 0, 7, 5, and e), which are similar in size to those 
of other organisms. To identify the ATP synthase Fj subunit 
genes in atpl, we compared the ORFs with the deduced 
translation products of F 1 subunit genes from other organ- 
isms. The a subunit gene {atpA) was identified on the basis 
of the high similarity of the deduced translation product to 
the tobacco chloroplast and E. coli a subunits (Table 1). The 
atpA gene encodes a protein of M T 57,181 or 54,301, depend- 
ing on which of two in-frame methionines is used to initiate 
translation. 

The ORFs upstream and downstream of atpA showed 
homology to the £. coli h and 7 subunits, respectively (Fig. 
1; Table 1). Their placement relative to atpA, which was the 
same as in the E. coli ATP synthase operon, further sup- 
ported the identification of these as 8 (atpD) and 7 (atpC) 
subunit genes. The atpC and atpD genes encode proteins of 
M T 35,213 and 20,345, respectively, in good agreement with 
the molecular weights determined by denaturing sodium 
dodecyl sulfate-get electrophoresis for the 8 and 7 subunits 
from the cyanobacterium Spirulina platensis (20). 

TABLE 1. Similarity with Anabaena proteins 4 



ATP synthase 
subunit 



% Similarity with proteins from; 



Synechococcus 
sp. b 



Chloroplasts' 



E. coif 1 



a 


78 


69 


55 




87 


81 


68 


7 


80 


N* 


35 


8 


49 


N 


26 




70 


41 


33 


a (IV) 


80 


68 


17 


b(I) 
b' (II) 


41 


26 


26 


58 


N 


N# 


c(III) 


96 


89 


33 



• Anaebaena sp. strain PCC 7120; percent identical amino acids after 
alignment for maximum similarity. 

b Synechococcus sp. strain PCC 6301 (8). 

c Amino acid sequences for all subunits are from spinach chloroplasts (19, 
47), except for the a subunit, which is from wheat chloroplasts (23). 
d Amino acid sequences from references 16, 17, and 40. 

* N, Nucleus encoded in plants; complete amino acid sequences not 
available. 

/ NE, No equivalent subunit. 
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FIG. 3. Nucleotide and amino acid sequence showing the overlap between the atpF and atpD genes. 



Identification of F 0 subunit genes. Littte information is 
available on the amino acid sequences of cyanobacterial F 0 
subunits or the subunit composition of the F 0 component. 
Upstream from the three Fi genes in atpl are four ORFs 
(Fig. 1) with various degrees of similarity to F 0 subunits from 
different sources. The third ORF in atpl is very similar to 
subunits c and HI from E. coli and chloroplasts, respec- 
tively, and is identified as a c subunit gene (atpH). The 
second ORF downstream from atpH has sequence similarity 
to chloroplast I subunits and is therefore identified as a b 
subunit gene (atpF). The ORF preceding atpF has similarity 
with the partial amino acid sequence available for subunit II 
of chloroplasts (4). An equivalent subunit is lacking in the E. 
coli F 0 . However, an analogous ORF has been characterized 
in Synechococcus sp. strain PCC 6301 and denoted b' (45) on 
the basis of the similarity of its structure to those of b 
subunits. In accordance with this suggested nomenclature, 
the fourth ORF in the Anabaena atpl cluster is identified as 
a b* (II) subunit gene {atpG). The atpF, atpG, and atpH gene 
sequences encode proteins of M T 19,754, 17,953, and 7,894, 
respectively. 

Two additional ORFs map upstream of aptH in the atpl 
cluster. The first of these does not appear to encode an ATP 
synthase subunit, but has a similar hydropathy profile to the 
unci gene product of E. coli (data not shown), unci, which 
has a similar position in the E. coli ATP synthase gene 
cluster, encodes a hydrophobic polypeptide of unknown 
function. An analogous gene in the Synechococcus sp. strain 
PCC 6301 atpl cluster has been denoted gene 1 (9), and this 
nomenclature is also used for the first ORF in the Anabaena 
sp. strain PCC 7120 gene cluster. The gene 1 product has two 
potential initiator methionines and therefore has M r 18,766 
or 14,028. Between gene 1 and atpH is an ORF with 
homology to subunits a and IV of E. coli and chloroplasts, 
respectively (Table 1); it is identified as an a subunit gene 
(atpl). The atpl gene encodes a protein of M t 27,974. The 
order of the genes in the Anabaena atpl gene cluster is thus 
gene 1-atpI-atpH-atpG-atpF-atpD-atpA-atpC. 

Features of the atpl DNA sequence. Within the atpl cluster, 
the spacer regions between genes range from 60 to 170 bp in 
length, except for the atpF and atpD arrangement. These 
genes are fused such that the last two codons of atpF overlap 
the first two codons of atpD (Fig. 3). The other intergenic 
spacer regions of the atpl cluster contain numerous short 
direct repeat sequences (Fig. 2). In the atpA-atpC intergenic 
region, the two sets of direct repeats are complementary to 
each other (i.e., an inverted repeat), such that a stable 
stem-loop structure (43) could be formed in the mRNA (Fig. 
4). Two other inverted repeat sequences which could form 
stable stem-loop structures are observed at 29 and 548 bp 
downstream from the atpl cluster (Fig. 2, positions 6399 and 
6948; Fig. 4). 

Analysis of ATP synthase gene copy number. Radiolabeled 
DNA probes were prepared from various regions of the ATP 
synthase gene cluster (Fig. 1, probes 1 to 5) and hybridized 
to Southern blots of total Anabaena sp. strain PCC 7120 
DNA digested with ////id II I or EcoKl (data not shown). All 
probes hybridized to single bands of the expected size in 
each digest, indicating that these genes occur as single 
copies in the genome. 



Analysis of transcripts. Nick-translated probes produced 
from various regions of atpl (Fig. 1) were hybridized with 
Northern blots of total Anabaena sp. strain PCC 7120 RNA 
to assess the number and sizes of mRNA species derived 
from the gene cluster. Each probe hybridized with an mRNA 
species of approximately 7.0 kb (Fig. 5), suggesting that the 
genes are part of a targe transcriptional unit. All probes 
showed some hybridization to RNA species in the size 
ranges of the rRN A bands. Probe 1 (Fig. 1) hybridized with 
two additional bands of approximately 2.1 and 1.2 kb. Probe 
2 also hybridized with a 2.1-kb transcript (Fig. 5). 

Primer extension assays performed with total RNA and a 
primer specific to the gene 1 coding region (Fig. 2) produced 
a single primer-extended product which mapped 140 bp 
upstream from the predicted translation start for gene 1 (Fig. 
6). SI nuclease mapping with a probe that included the 5' end 
of atpl , ail of gene 1, and 500 bp 5' to gene 1 (Fig. 1, probe 
1) confirmed the single mRNA endpoint identified in the 
primer extension assay and demonstrated that no additional 
RNA endpoints map between gene 1 and atpl (data not 
shown). 
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FIG. 4. Nucleotide sequences of regions theoretically capable of 
forming stable stem-loop structures in mRNA. Nucleotides are 
numbered as in Fig. 2. 
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FIG. 5. Identification of atpl mRNA species. Total Anabaena 
sp. strain PCC 7120 RNA (20 u.g) was denatured, electrophoresed, 
transferred to nitrocellulose paper, and hybridized with specific 
probes marked in Fig. 1. Approximate sizes of hybridizing species 
are shown. 



DISCUSSION 

Organization of ATP synthase genes in E. coli, cyanobacte- 
ria, and chloroplasts. In previous work (10) the genes encod- 
ing the fi (atpB) and e (atpE) subunits of the ATP synthase 
from the filamentous cyanobacterium Anabaena sp. strain 
PCC 7120 were shown to form an operon (atp2) and to be 
unlinked to other ATP synthase genes. A cluster of the 
remaining eight genes encoding subunits of the ATP syn- 
thase has been isolated and characterized by nucleotide 
sequencing. The genes of this cluster, denoted atpl , were 




FIG. 6. Identification of the start site for transcription of the apt I 
gene cluster. A 15-nucleotide primer specific to the gene 1 coding 
region was used in a primer extension assay with total Anabaena sp. 
strain PCC 7120 RNA. The extended product was electrophoresed 
in parallel with a sequence ladder (G, A, C, T) generated by using 
the same primer on the noncoding strand of the DNA. 



identified by comparison of their predicted translation prod- 
ucts with amino acid sequences of ATP synthase subunits 
from other organisms. The organization of the Anabaena sp. 
strain PCC 7120 genes is atpI-atpH-atpG-atpF-atpD-atpA- 
atpC; in addition, a closely linked gene denoted gene 1 is 
found upstream of atpl in this cluster. Gene 1 appears to be 
equivalent to E. coli unci, which encodes a polypeptide of 
unknown function. Each of the Anabaena sp. strain PCC 
7120 ATP synthase genes is single copy. The atpl gene 
cluster is at least 10 kbp from the atp2 cluster. The same 
ATP synthase gene organization is observed in the unicellu- 
lar cyanobacterium Synechococcus sp. strain PCC 6301 (8). 

In £. coli , eight genes for the ATP synthase subunits and 
unci are clustered and cotranscribed (15). The two clusters 
of ATP synthase genes thus characterized from cyanobacte- 
ria are ordered in the same manner as in E. coli, but both 
Synechococcus sp. strain 6301 and Anabaena sp. strain PCC 
7120 have an extra gene (atpG) relative to E. coli. atpG 
encodes a protein similar to the partial amino acid sequence 
of spinach chloroplast subunit II (4). The atpG product has 
been designated b' (45) on the basis of the similarity of its 
hydropathy profile with those of the b subunit of £. coli and 
subunit I of chloroplasts. It has been hypothesized that atpG 
represents a duplicated and diverged copy of atpF (9). The 
characterization of four genes encoding F 0 subunits from 
two cyanobacterial species suggests that cyanobacterial 
ATP synthases, like those of chloroplasts (36, 46), contain an 
F 0 composed of four polypeptides. 

The cyanobacterial ATP synthase gene arrangement is 
reminiscent of the organization in higher-plant chloroplasts. 
Chloroplast ATP synthase genes are found in two clusters: 
genes encoding subunits IV (atpl), III (atpH) t I (atpF), and 
a (atpA) are found in tandem in that order (9, 18), whereas 
the atpB and atpE genes are found in tandem but map 
elsewhere in the genome (34). Thus, chloroplasts and cya- 
nobacteria have two clusters of ATP synthase genes, with 
genes within each cluster in the same order. Genes for the 
remaining chloroplast subunits, II (atpG), 8 (atpD), and -y 
(atpC) t however, are encoded in the nucleus (34). The 
cyanobacterial ATP synthase gene organization is thus in- 
termediate between those observed in E. coli and higher- 
plant chloroplasts. 

Features of the aptl DNA sequence. A unique feature of the 
Anabaena sp. strain PCC 7120 atpl cluster is overlap 
between the atpF and atpD genes: nucleotides of the last 
amino acid codon and stop codons of atpF make up the first 
and part of the second codon of atpD (Fig. 3). A similar 
overlap is not observed in the cyanobacterium Synecho- 
coccus sp. strain PCC 6301 or in E. coli. The Anabaena sp. 
strain PCC 7120 atpF-atpD gene overlap cannot be unequiv- 
ocally established until amino acid sequences for the b and 5 
subunits are available. Two pieces of information, however, 
support the idea that these genes overlap, (i) All of the 
Anabaena sp. strain PCC 7120 ATP synthase gene coding 
regions, as well as other Anabaena sp. strain PCC 7120 
genes thus far characterized, initiate with a methionine 
codon; the only methionine codon in the atpD reading frame 
is that which overlaps with the atpF gene, (ii) The first three 
amino acids of the Synechococcus sp. strain PCC 6301 and 
Anabaena sp. strain PCC 7120 deduced atpD gene transla- 
tion products are identical, and the protein homologies are 
colinear. 

The Anabaena sp. strain PCC 7120 atpF-atpD gene over- 
lap is reminiscent of the situation found in many plant 
chloroplasts in which the atpB and atpE genes overlap (23, 
25, 47). The atpB-atpE overlap in chloroplasts is similar to 
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that observed for atpF and atpD in that the last two codons 
of atpB overlap with the first two codons of atpE. atpB-atpE 
overlaps are not observed in Anabaena sp. strain PCC 7120 
(12), Synechococcus sp. strain PCC 6301 (9), or £. cp//(35). 
Another feature of chloroplast ATP synthase genes which is 
absent in E. coli and the cyanobacteria studied is observed in 
the structure of the atpF gene. The chloroplast atpF genes 
contain an intron (5, 19, 33, 42), whereas those of Anabaena 
sp. strain PCC 7120 and Synechococcus sp. strain 6301 (8) do 
not. 

Most, but not all, of the genes of the Anabaena sp. strain 
PCC 7120 atpl cluster are preceded by regions similar to that 
of E. coli ribosome-binding (Shine-Dalgarno) sequences (41). 
The sequence of the 16S rRNA from Anabaena sp. strain 
PCC 7120 has not been determined, but the 16S rRNA from 
the cyanobacterium Synechococcus sp. strain PCC 6301 has 
the same sequence as that of E. coli in the mRNA binding 
region (6). Thus, cyanobacterial ribosome-binding sites are 
expected to be similar to those of E. coli. The absence of 
Shine-Dalgarno sequences has also been observed with the 
rbcS (32) and psbA (12) genes of Anabaena sp. strain PCC 
7120. 

The ORFs for gene 1 and atpA contain two potential 
initiator methionines, and since no protein sequence data are 
available for these polypeptides from Anabaena sp. strain 
PCC 7120, it is not possible to ascertain where translation 
initiates. The presence of a putative ribosome-binding site 
near the downstream methionine in gene 1 would suggest 
that this is the translation start point, and comparison of 
homologies with the gene 1 products from E. coli and 
Synechococcus sp. strain PCC 6301 would support this. The 
atpA gene, however, contains no identifiable ribosome- 
binding site near either potential initiator methionine codon. 
As with the gene 1 product, the Anabaena sp. strain PCC 
7120 a subunit amino acid sequence is homologous with the 
a subunits from other organisms starting with the down- 
stream methionine. The a subunit from S. platens is was 
estimated by denaturing sodium dodecyl sulfate-gel electro- 
phoresis to be of M r 53,400 (20). This is in closer agreement 
to the predicted size (A/ r 54,301) of the deduced translation 
product of Anabaena atpA derived from the downstream 
in-frame methionine. 

Many of the intergenic spacer regions of atpl are charac- 
terized by short direct repeats (Fig. 2). Such repeats are also 
observed in the atpB-atpE spacer of the atpl cluster (12). 
The two sets of repeats in the atpA-atpC spacer are comple- 
mentary; interestingly, these same two sets of repeats are 
found in the atpB-atpE spacer in the same position relative 
to each other and to the upstream gene. They are also 
observed downstream of the phycocyanin operon in Ana- 
baena sp. strain PCC 7120 (3). The significance of these 
repeat sequences is not known. 

Transcription of atpl. All genes of atpl hybridized with an 
mRNA transcript approximately 7.0 kb in length, indicating 
that genes of this cluster are cotran scribed and thus consti- 
tute an operon. Two regions at the 5' end of atpl hybridized 
to additional RNA species. Probe 1 (Fig. 1) hybridized with 
a 1.2-kb mRNA species that most probably originates from a 
gene upstream of atpl, whose transcription unit overlaps the 
5' end of probe 1 (D. F. McCarn and S. E. Curtis, unpub- 
lished results). Probes 1 and 2 also hybridized with a 2.1-kb 
species. Since only one RNA endpoint was mapped within 
probe 1 (see below), this 2.1-kb mRNA must have the same 
5' end as the 7.0-kb mRNA or originate from the opposite 
strand. 

The polycistronic mRNA for atpl was shown by primer 



extension and SI nuclease assays to initiate at a single site 
that maps 140 bp upstream from gene 1. A sequence 10 
nucleotides upstream from the atpl transcription start site 
resembles the -10 consensus sequence for£. coli promoters 
(37); however, there appears to be no sequence similar to the 
£. coli -35 promoter consensus sequence. Sequences used 
for the promotion of transcription during vegetative growth 
in Anabaena sp. strain PCC 7120 have not been identified. 
The presence of an £. coli -10 promoter sequence upstream 
from the transcription start site has also been noted for the 
rbcL (11), psbA (12), petFX (1), and atpB (10) genes of 
Anabaena sp. strain PCC 7120. 

Stoichiometry of ATP synthase subunits. The ATP synthase 
subunits of E. coli and chloroplast F 1 components are found 
in a stoichiometry of a 3 , (3 3 , y lt 8 1( (14, 30), and the 
stoichiometry of cyanobacterial Fj subunits is expected to 
be similar. The F 0 component of £. coli is reported to have 
a stoichiometry of a u b 2 , c ltv _ 12 (14). Chloroplast and cya- 
nobacterial F 0 components have not been characterized with 
regard to subunit ratios, but if the stoichiometrics are similar 
to those in £. coli, the F„ may contain one b (I) and one b' 
(II) rather than two identical b subunits (8). The presence in 
£. coli and Anabaena sp. strain PCC 7120 of a single mRNA 
encoding proteins present in different stoichiometrics in the 
enzyme, together with the absence of evidence for suboper- 
on-length transcripts, suggests that a posttranscriptional 
mechanism(s) is required to regulate the relative stoichiom- 
etrics of the subunits. There is evidence that translational 
control of the operon in £. coli is mediated through regions 
of potential stem-loop structures that include the ribosome- 
binding sites upstream of gene encoding the b, 8, and y 
subunits (7, 24). 

Analysis of the apt] nucleotide sequence revealed several 
regions of possible secondary structure. As in £. coli, there 
is potential for formation of stem-loop structures in the 
mRNA between the a and 7 subunit genes (Fig. 4). Unlike in 
£. coli, however, no such region can be found between the v 
and b and between the b and 8 subunit genes. In £. coli the 
stem-loop structures include the Shine-Dalgarno sequence 
and the start codon for the downstream gene. The stem-loop 
structures observed in Anabaena sp. strain PCC 7120 are 
upstream of the putative ribosome-binding regions and con- 
sequently do not include start codons. Thus, it is unlikely 
that these regions of potential secondary structure play a 
role in regulating the translation of the ATP synthase sub- 
units in this operon. 

Evolution of ATP synthase subunits. Analysis of the de- 
rived amino acid sequences for the Anabaena sp. strain PCC 
7120 ATP synthase genes shows that the different subunits 
have undergone variable rates of evolution. In general, the 
cyanobacterial subunits are more similar to those of higher 
plants than to those of £. coli (Table 1). The most highly 
conserved subunits among the species compared are a and 
p. This high degree of conservation probably reflects con- 
straints on amino acid divergence related to the proposed 
roles of these subunits in catalysis and nucleotide binding 
(30). 

Although complete amino acid sequences for the nucleus- 
encoded y and 8 subunits of chloroplast ATP synthase are 
not available from plants, comparisons between £. coli and 
cyanobacteria (Table 1) suggest that these subunits are not 
highly conserved. In £. coli the 8 subunit is essential for the 
binding of F x to F 0 in membranes (13), and in chloroplasts it 
has been shown to prevent proton leakage through CF 0 (2). 
Comparison of the 8 subunit sequences from £. coli, cyano- 
bacteria, and plant chloroplasts, when available, may pro- 
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vide information on regions of the polypeptide that are 
important for subunit function. 

The sequence data for the y subunit poses questions 
regarding the regulation of cyanobacterial ATP synthases. 
McCarty and Racker showed that Mg 2 * -dependent ATP 
hydrolysis in spinach chloroplasts and Ca 2+ -dependent ATP 
hydrolysis in soluble spinach CF l can be elicited by light 
and/or dithiothreitol (29). Nalin and McCarty (31) found a 
correlation between activation of the latent CI^ Ca 2+ - 
ATPase potential and reduction of a disulfide bond between 
two cysteine residues in the CF X y subunit. Two additional 
sulfhydryl groups were identified in the spinach 7 subunit 
protein. In Anabaena variabilis f latent Mg 2+ -ATPase activ- 
ity in smooth vesicles can be activated by light, a -SH 
reductant, and an electron donor (35). Thus, the ATP 
synthase of an Anabaena species can undergo a type of 
activation which is similar to that found in spinach chloro- 
plasts and which contrasts with nonoxygenic photosynthetic 
and heterotrophic bacteria, in which ATPase activity is not 
latent (35). Similar light activation is found in the 5. platensis 
ATP synthase (21). Analysis of the derived amino acid 
sequence for the Anabaena sp. strain PCC 7120 y subunit, as 
well as that for Synechococcus sp. strain PCC 6301, how- 
ever, reveals only a single cysteine residue. Thus, the 
activation of the latent Ca 2+ -dependent ATPase activity 
must occur by a mechanism that is different from the 
disulfide reduction reported for spinach CF X . 

None of the F 0 subunit amino acid sequences are well 
conserved between cyanobacteria and E. coli; however, the 
c and a subunits are well conserved between cyanobacteria 
and chloroplasts (Table 1). The analysis of cyanobacterial 
ATP synthase genes suggests that the ATP synthases of 
cyanobacteria, like those of chloroplasts, have two Mype 
subunits (b and b'). Neither of these subunits is particularly 
well conserved between the two cyanobacterial species. 
Although the F 0 subunits have various degrees of sequence 
similarity, comparisons of the hydropathy profiles for each 
of the F 0 subunits from E. coli, cyanobacteria, and chloro- 
plasts (8) suggest that their structures are similar. Thus, the 
maintenance of subunit conformation may be important for 
the proposed roles of the F 0 subunits in binding of the F 0 to 
the F l portion of the complex and formation of the proton 
channel (15). 

In recent cross-reconstitution studies, Hicks and Yocum 
(20) showed that light-driven ATP synthesis could be re- 
stored by Fi from 5. platensis in spinach thylakoid mem- 
branes depleted of CF X with NaBr; likewise, spinach CF X 
was able to restore ATP synthesis in depleted 5. platensis 
membranes. The similarity of cyanobacterial and chloroplast 
ATP synthases has been confirmed by analysis of cyanobac- 
terial ATP synthase genes. These studies show that the ATP 
synthases of cyanobacteria and chloroplasts have a similar 
subunit composition and that many of the subunits have a 
high degree of sequence similarity. In addition, the ATP 
synthase genes in chloroplasts and both cyanobacterial 
species studied display a two-clustered arrangement. The 
similarity between cyanobacterial and chloroplast ATP syn- 
thase structure, as well as ATP synthase gene organization, 
supports the hypothesis (28) that chloroplasts and cyanobac- 
teria evolved from common ancestors. 
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The subunit composition and primary structure of the proton-translocating VJFq ATP synthase have been 
determined in Clostridium thermoaceticum. The isolated enzyme has a subunit composition identical to that of 
the ATP synthase purified from Clostridium thermoautotrophicum (A. Das, D. M. Ivey, and L. G. Ljungdahl, 
J. Bacteriol. 179:1714-1720, 1997), both having six different polypeptides. The molecular masses of the six 
subunits were 60, 50, 32, 17, 19, and 8 kDa, and they were identified as a, p, 7, 8, e, and c, respectively, based 
on their reactivity with antibodies against the ¥ x ATPase purified from C thermoautotrophicum and by 
comparing their N-terminal amino acid sequences with that deduced from the cloned genes of the G ther- 
moaceticum atp operon. The subunits a and b found in many bacterial ATP synthases could not be detected 
either in the purified ATP synthase or crude membranes of C thermoaceticum. The C thermoaceticum atp 
operon contained nine genes arranged in the order atpl (0, atpB (a), atpE (c), atpF (b), atpH (8), atpA (a), atpG 
(7), atpD (p), and atpC (e). The deduced protein sequences of the C thermoaceticum ATP synthase subunits 
were comparable with those of the corresponding subunits from Escherichia coli, thermophilic Bacillus strain 
PS3, Rhodospirillum rubrum, spinach chloroplasts, and the cyanobacterium Synechococcus strain PCC 6716. The 
analysis of total RNA by Northern hybridization experiments reveals the presence of transcripts (niRNA) of the 
genes /, a, and b subunits not found in the isolated enzyme. Analysis of the nucleotide sequence of the atp genes 
reveals overlap of the structural genes for the i and a subunits and the presence of secondary structures (in the 
b gene) which could influence the posttranscriptional regulation of the corresponding genes. 



ATP synthase is the key enzyme in the energy transduction 
processes which couples the transmembrane ion gradient gen- 
erated by respiration (electron transport) to the synthesis of 
ATP from ADP and ^ (17, 39, 48, 49). The enzyme also 
catalyzes the hydrolysis of ATP, which generates an ion gradi- 
ent. In most biological systems, the primary ions involved in the 
ion gradient are protons, but in some systems, sodium ions 
replace the protons (27, 43). ATP synthases from various 
sources have similar structures. They consist of two subcom- 
plexes, a membrane-extrinsic F x part and a membrane-intrinsic 
F 0 part. The most investigated F,F 0 complex is that of Esclie- 
richia coli, in which the F L has five subunits, a, p, 7, 8. and e. 
and F 0 has three subunits, a, b, and c (16). From biochemical 
and genetic studies, it has been demonstrated that all eight 
subunits are essentia] for the function of E. coli ATP synthase 
(12, 18, 47). 

The ATPase (atp) operons of various organisms have been 
sequenced (18). In E. coli, alkaliphilic bacterium Bacillus fir- 
mus OF4, and thermophilic Bacillus strain PS3, the atp operon 
consists of nine structural genes, atpIBEFHAGDC, encoding t, 
a, c, b t 8, a, 7, p. and e subunits (25, 38, 55). These genes are 
grouped together to form a single transcriptional unit. How- 
ever, in the purple nonsulfur photosynthetic bacteria Rhodo- 
pseudomonas blastica (52) and Rhodospirillum rubrum (14), the 
F 0 genes (atpBEF) are grouped separately from the F, genes 
(atpHAGDC). In the cyanobacteria Synechococcus strain PCC 
6301 (6), Synechococcus strain 6716 (53). Synechocystis sp. 



* Corresponding author. Mailing address: Department of Biochem- 
istry and Molecular Biology, A214 Life Sciences Building, University 
of Georgia, Athens, GA 30602-7229. Phone: (706) 542-7640. Fax: 
(706) 542-2222. E-mail: Ljungdah@bscr.uga.edu. 



strain PCC 6803 (28), and Anabacna strain PCC 7120 (7), the 
structural genes are arranged in two transcriptional units, one 
containing the B> E y F, H t A, and G genes and the other 
containing the D and C genes. 

The homoacetogens Clostridium thermoaceticum and Clostri- 
dium thermoautotrophicum are thermophilic anaerobic gram- 
poskive bacteria which are strikingly similar with respect to 
physiology, DNA composition, and the metabolism of carbon 
sources (2, 13, 29, 30, 42, 57, 58). One of the most distinctive 
features of these bacteria is their ability to produce acetate 
directly from C0 2 by using the acetyl coenzyme A pathway (13, 
29, 42, 58). The acetyl coenzyme A pathway is also the major 
pathway involved during autotrophic growth on C L compounds 
like CO and methanol (13, 29, 30, 42, 57, 58). This pathway 
does not yield any net gain of ATP at the substrate level (13, 
29, 30). Thus, to support growth, acetogens must generate 
energy through chemiosmosis (11, 21-23, 30). Evidence for this 
is the presence of an electron transport system (11, 21-23) and 
a proton-translocating ATP synthase (8, 9, 24 ; 33) in mem- 
branes of C. thermoacetiewn and C. thermoautotrophicum. 

The F x ATPase and ATP synthase from C thermoautotro- 
phicum (9) and the F x ATPase from C. thermoaceticum (24) 
have been purified. The F x ATPases from both Clostridia have 
four subunits and identical subunit composition. The ATP 
synthase from C thermoautotrophicum has six subunits with an 
apparent composition of a 3 ,p 3 ,7,5,e,c 6 _ s (9. 10), and it lacks 
the a and b subunits of F 0 found in many aerobic bacteria, 
including E. coli (16, 17, 48). 

In this study, we describe the subunit composition of the 
ATP synthase from C. thermoaceticum and the primary struc- 
ture of the atp operon (CXatp) encoding the subunits of this 
enzyme complex. The subunit composition of the C. ther- 
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TABLE 1. Oligonucleotide primers used in PCR for amplification 
of DNA probes used in Southern and Northern 
hybridization experiments 



Primer" Sequence (5'-3') 



FP GA(AG) (CA)G(TCG) AC {TCG} (CA)G 

(TCG) GA (AG) GG (TCG) AA{TC) GA 

RP GT (CGA) A (GA) (GA) TC (GA) TC (GA) 

GC (CGA) GGIAC (AG) TA 

IFP .ACAGTATCTTTAG7GGAC 

IRP .AATAGATGGGGA7AGGTC 

BFP TTGGGACTTCGGGCTCTG 

BRP CAGTGCCCGTGGACAAAG 

FFP CGGTCTTATTCGCCCCTG 

FRP GCr C ACTCATTGCAGTCG 

HFP CGACTGCAATG AGTGAG C 

HRP CTTTGCCCGAACTCTCTT 



* The nucleotide sequences of the degenerate primers FP and RP were de- 
signed from two highly conserved regions of amino acid sequences of the fj 
sub unit of E. coli ¥ L ATPase as described in Materials and Methods. The 
nucleotide sequences of the remaining primers were designed directly from the 
DMA sequence of the CXntp operon. The sequences of IFP and IRP were taken 
from the upstream and downstream regions of atpj. Similarly, the sequences of 
BFP and BRP, FFP und FRP, and HFP and HRP were taken from the upstream 
and downstream regions of atpB, atpF, and atpH, respectively. 



moaceticum ATP synthase is identical with that of C. thermo- 
autotrophicum (9). The CXatp operon contains nine structural 
genes, including those encoding the U a, and b subunits which 
are not found in the ATP synthases purified from both Clos- 
tridia. Results of Western and Northern blotting experiments 
suggest the presence of polycistronic mRNAs, which include 
the transcripts of the genes encoding i, a, and b subunits, and 
the absence of the a and b subunits in membranes of C. ther- 
moaceticum. 

(A preliminary report of this work has been published else- 
where [10].) 

MATERIALS AND METHODS 

Bacterial strains and growth conditions. C. themioaceacum (ATCC 39073) 
and C. thermoautotrophicum JW 701/5 were grown on 1% (wt/vol) glucose at 
58°C under 100% C0 2 (31). E. coli XLl-Blue MR A and XLl-Blue MRA<P2) 
were used as hosts to screen the genomic library of C. thermoaceticum in XFIX 
II (described below). E. coli XL-Blue was used as a host for plasmids in trans- 
formation experiments (described below). All E coli strains were growu and 
maintained in LB or 2xYT medium. 

Pre pa rati oa of membranes and purification of ATP synthases from C. ther- 
moautotrophicum and C. thermoaceticum. The membranes were prepared from 
whole cells after the cells were broken in a French press (24). The ATP synthase 
was puritied from cholate-wasbed membranes (9). 

Antibodies against synthetic peptides. Synthetic peptides were designed from 
the protein sequences of the a, b, and 8 subunits deduced from the cloned genes 
of C tliermoacetiatm and used as antigens to raise antibodies in adult New 
Zealand White rabbits. The amino acid sequences of the synthetic peptides used 
were 2 GLRAl/3EIMTHVRPVFJF ly (for subimit a), 37 LGKVLADREARIEG 
NLND 54 (for subunit b), and 1 MSEQNVARR Y AR ALFNIARE 2 ' 1 (for subunif 
6). 

DNA source and synthetic oligonucleotides. The genomic DNA of C. ther- 
moaceticum was isolated as described previously (37). The X DNA was Isolated 
by using the Wizard Lambda Preps DNA purification system (Promega Corp., 
Madison, Wis.). The plasmid DNA was isolated by using a QIAprep Spin P las- 
mid kit (Qiagen Inc., Chatsworth, Calif.). 

The ATPase probe and PCR. The DNA probe used to screen the genomic 
library was a 390-bp PCR product amplified from C. tltermoaceticum genomic 
DNA by using the degenerate primers FP (forward primer) and RP (reverse 
primer) (Table 1), designed from two highly conserved regions of amino acid 
sequences ,v, ERTREGND 1wi and 3n YVPADDLTD 3ly , respectively, of the 0 
subunit of E. coli F ( ATPase (10, 50). The amplification was carried out for 30 
cycles in a 480 Thermal Cycler (Perkin-Elmer Instruments Div., Norwalk, 
Conn.). Each cycle includes 1 rain of melting at 94°C, 90 s of annealing at 49°C, 
and 2 min of extension at 72°C The PCR product was cloned into pCRII vector 
(Invitrogen Corp, San Diego. Calif.), generating pADl. and sequenced. The 
deduced amino acid sequence of the PCR product was found to be highly 
homologous with the corresponding sequences of the F ( {3 subunits from various 
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FIG. 1. Strategies used in cloning and sequencing experiments. Two ATPase- 
positive clones, XF2A and XF14B, were selected by screening the C. thermoace- 
ticum genomic library in XFTX II. The Not] sites at both ends of the insert belong 
to the vector's multiple eloning site. The 2.5- and 3.2-kb Not} fragments of \F14B 
were cloned into pBluescript (SK-) to obtain the subclones pAD2 and pAD3, 
respectively. The DNAs from the two plasmids and that from XF2A were used as 
templates for sequencing as described in Materials and Methods. 



sources (10). The PCR product was labeled with digoxigenin (DIG)-ll-dUTP 
(Boehringer Mannheim Co.,. Indianapolis, Ind.) under conditions similar to 
those described above except that the nucleotide mixture was made with 5.3 mM 
DlG-ll-dUTP and 2.7 mM Gene Amp deoxynucteoside triphosphates (Perkin- 
Elmer). 

Genomic library and screening. A genomic library of C. thermoaceticum was 
constructed in XFIX II by Stratagene (La Jolla, Calif.). The library was screened 
for ATPase-positive clones by plaque hybridization using the 390-bp DIG- la- 
be led PCR product (see above) as a probe. The hybridization experiments and 
the detection of ATPase-positive clones (plaques) were carried out by using a 
Genius kit (Boehringer Mannheim). The positive clones picked up after primary 
screening were purified by secondary or tertiary screening using the same pro- 
tocol. 

Plasmids and phages. Several ATPase-positive clones were obtained after 
secondary or tertiary screening of the library. Two clones, XF2A and XF14B, were 
selected and used for further study. The DNAs isolated from these clones were 
digested with Noil and subjected to electrophoresis on \% (wt/vol) agarose gels 
(45). Three fragments were obtained from each clone: 3.2, 4.0, and 8.0 kb from 
XF2A and 15, 3.2, and 12.0 kb from XF14B. The S.0- and 2.5-kb fragments 
hybridized to the 390-bp DNA probe. The 2.5- and 3.2-kb fragments were 
recovered from agarose gels, purified by using a Geneclean spin kit (Bio 101, 
Vista, Calif.), and cloned into pBluescript (SK-) (45). The resulting plasmids 
carrying the 2.5- and 3.2-kb Noil fragments were designated pAD2 and pAD3, 
respectively (Fig. 1). The plasmids carrying the 3.2-kb Not! fragment from either 
XF2A or XF14B were found to be indistinguishable with respect to restriction 
map and DNA sequence analysis (not shown), indicating that this fragment is 
common to both clones. 

Isolation of mRNA and Norther u hybridization experiments. Total RNA was 
isolated from freshly grown cells of C. tftetmoaceticum by using an RNeasy kit 
(Qiagen) and separated by electrophoresis on 1.2% (wt/vol) agarose gels under 
denaturing conditions in the presence of 2.3 M formaldehyde (45). The Northern 
(RNA) blot analyses were carried out by using a Genius kit as instructed by the 
manufacturer (Boehringer Mannheim). The DNA probes specific for atfil, atpB, 
atpF, and atpH genes were synthesized and labeled with DlG-ll-dUTP bv PCR 
using primer pairs IFP-1FP, BFP-BRP, FFP-FRP, and HFP-HRP (Table 1), 
respectively. The conditions for PCR were the same as used for the amplification 
of the 390-bp DNA fragment as described above. The DNA probes for all genes 
except atpl were amplified by using pAD3 DNA as a template. To amplify the 
atpl probe, C. thermoaceticum genomic DNA was used as a template; the am- 
plified product (500 bp) was purified by using a Geneclean spin kit (Bio 101) and 
used as a template to reamplify the specific product by PCR. 

Other methods. Proteins were estimated by a modified Lowry method as 
described previously (15). Sodium dodccyl sulfatc-poh/acryl amide gel electro- 
phoresis (SDS-PAGE) was carried out by the method of La cm rail (26) in the 
presence of urea (51). Twelve percent (wt/vol) acrytamide in the resolving gel 
and 4% (wtfvol) acrytamide in the stacking gel were used, and the proteins were 
stained with Coomassie brilliant blue 250. The Western blotting experiments 
were carried out as instructed by the manufacturer (Bio-Rad, Hercules, Calif.). 
The synthesis of peptides and oligonucleotides and the sequencing of protein and 
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FIG. 2. SDS-PAGE with 8 M urea of the purified ATP synthases from C. 
Otermoaceticum (10 p.g; lane 2) and C tltermoautotrophicum (10 jtg; lane 3) and 
of the protein standards (lane 1). The proteins were stained with Coomassie blue. 



DNA samples were carried out at the Molecular Genetics Facility of the Uni- 
versity of Georgia. The animal work, including the injection of antigens to rabbits 
and collection of blood samples, was carried out at the Animal Facility of the 
University of Georgia. The sequence data were analyzed with the Genetics 
Computer Group package (University of Wisconsin Biotechnology Center, Mad- 
ison) on the VAX/VM.S system of the Bioscience Computing Resources at the 
University of Georgia. 

Nucleotide sequence accession number. The nucleotide sequence reported 
here has been assigned accession no. U 6431 8 in the GenBank, EMBL, and 
DDBJ libraries. 



RESULTS 

Subunit composition of the ATP synthase from C ther- 
moaceticum and comparison with that of C. thermoautotrophi- 
cum. Figure 2 shows the results of SDS-PAGE of the F^, ATP 
synthases purified from C. thermoacelicum and C. thermoau- 
totrophicum. The en2ymes from both bacteria have the same 
subunit composition, each having six different polypeptides 
with molecular masses of 60, 50, 32, 19, 17, and 8 kDa. These 
molecular masses are in close agreement with the calculated 
molecular masses of the a (55,357 Da), 3 (49,863 Da), 7 
(33,305 Da), 8 (20,163 Da), e (14,518 Da), and c (7,458 Da) 
.subunits, respectively, deduced from the cloned genes of the 
QUitp operon (Table 2). We previously showed that the N- 
terminal amino acid sequences of the six ATP synthase sub- 
units of C. thermoautotrophicum matched the N-terminal 
amino acid sequences of the a, p, 7, 8, e, and c subunits of the 
ATP synthase deduced from the cloned genes of the Ctatp 
operon (9). The F t ATPases purified from C. thermoaceticum 
(24) and C thermoautotrophicum (9) have the same subunit 
composition, and immunoblot analyses of the membranes from 
both Clostridia revealed similarities of the a, 0, and y subunits 



of the Fj ATPases (9). Determinations of the N-terminal 
amino acid sequences of the 32-, 19-, 17-, and 8-kDa polypep- 
tides of the C. thermoaceticum ATP synthase showed a com- 
plete match with the N-terminal amino acid sequences of the y> 
8, e, and c subunits deduced from the cloned genes of the Ctatp 
operon. Therefore, the six subunits of the purified ATP syn- 
thase from C. thermoaceticum are a, (S, 7, 8, e, and c, and its 
composition is identical to that of the C. thermoautotrophicum 
ATP synthase, as shown in Fig. 2. The F 0 moiety of the ATP 
synthase of the acetogenic Clostridia is composed of the 8 and 
c subunits as suggested previously (9) and apparently lacks the 
a and b subunits present in several aerobic bacteria. 

Western blotting experiments to test the presence of a and b 
subunits. Antibodies against synthetic peptides designed from 
the deduced protein sequences of the a and b subunits of the 
C. thermoaceticum ATP synthase failed to react with any pro- 
tein in the purified F]F 0 ATP synthase or in crude membranes 
or whole-cell extracts of C thermoaceticum or C. thermoau- 
totrophicum. Antibodies against a synthetic peptide designed 
from the deduced protein sequence of the C. thermoaceticum 8 
subunit used as a positive control reacted strongly with the 
corresponding subunit present in the ATP synthase purified 
from both Clostridia (not shown). These results support the 
findings that the a and b subunits are not present in the F l F 0 
complex of C. thermoaceticum and C. thermoautotrophicum. 

Cloning and sequencing of the C. thermoaceticum ATP syn- 
thase genes. The entire Ctatp operon is present in the clone 
\F2A, and piasmids pAD2 and pAD3 together have the com- 
plete DNA sequences for the genes encoding a,c,b, 8, or, and 
7 subunits of the ATP synthase and partial sequences of the i 
and 0 genes (Fig. 1). The sequences of the remaining portions 
of the i and 0 genes and that of the gene encoding the e subunit 
were obtained by primer walking on XF2A DNA as template as 
outlined in Fig. 1. 

Identification and analysis of the atp genes. Nine open read- 
ing frames (ORFs), each having a putative start codon and a 
ribosome binding site (Shine-Dalgarno [S/D] sequence), were 
identified within the 7.5 -kb region sequenced (Fig. 3). The nine 
structural genes of the atp operon encoding nine subunits of 
the C. thermoaceticum ATP synthase were organized in the 
order atpl (1), atpB (a), atpE (c), atpF (b) y atpH (8), atpA (a), 
atpG (7), atpD (p), and atpC (e), which is similar to that found 
in most bacteria (3, 25, 38, 46, 55). The deduced protein se- 
quences of the nine genes reveal similarities with the corre- 
sponding sequences of the nine ATP synthase subunits from 
different species (Table 2). Hie protein encoded by the first 
gene, atpl, is called the inhibitor protein or the i subunit The 
i protein is the least homologous (21 to 24% identity) among 



TABLE 2. Comparison of the Ctatp gene products with the corresponding atp gene products from E. coli, thermophilic bacterium PS3, 

R rubrum, spinach, and Synechococcus strain PCC 6716 a 



% Identity (% similarity) 

Gene Subunit Mol wt 

E. coli TheP3 Rhoru Spiol SynPl 



atpl i 14,207 24(49) 23(51) 21(49) 

atpB a 25,411 28(63) 34(64) 31 (65) 36(70) 36(69) 

atpE c 7,458 25(65) 34(71) 29(61) 56(78) 58(80) 

atpF b 19,019 31 (58) 38(62) 29(51) 22(41) 29(52) 

atpH 8 20,163 30(58) 31(56) 29(53) 27(54) 28(55) 

atpA a 55,357 57(76) 67(81) 61(77) 60(76) 64(81) 

atpG y 33,305 40(62) 46(66) 43(66) 42(63) 45(66) 

atpD p 49,863 70(83) 73(84) 69(81) 72(84) 72(84) 

atpC e 14,518 31 (62) 39(62) 31 (54) 35(55) 39(63) 



a References are as follows: E. coli, 55; thermophilic bacterium PS3 (TheP3), 38; R rubntm (Rhoru), 14; Synechococcus (SynPl), 6; spinach subunits a, c, 2>, a, 7, 0, 
and e, database accession no. P06451, P00843, P06453, P06450, PG5435, P00825, and P00833, respectively, and the 6 subunit, 20. 
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the ATPase subunits of C. thermoaceticum compared with the 
corresponding subunits from E. coli, thermophilic bacterium 
PS3, and It rubnim (Table 2). Cozens and Walker (6) and 
Brusilow et al. (3) used hydropathy profiles of the deduced 
amino acid sequences to characterize the inhibitor proteins of 
Synechococcus and B. megaterium, respectively. We performed 
a similar analysis of the protein encoded by the first structural 
gene of the Qxatp operon and found that it very closely resem- 
bles the inhibitor protein of thermophilic bacterium PS3 (Fig. 
4), indicating that the first gene of the Ctatp operon is atpl. We 
did not find any ORF in the 680-bp region sequenced upstream 
of atpl. 

The start codons for the genes encoding a, p, 7, 5, e, and c 
subunits were identified from the N-terminal amino acid se- 
quences of the respective proteins purified from C. thermoau- 
totrophicion (9). Two types of start codons were found in the 
Ctatp operon. The start codons are ATG for atpl, atpE, atpH, 
atpG y and atpC and TTG for atpB, atpF, atpA, and atpD. 
Previously, a conserved S/D sequence of AGGAGt/g was pro- 
posed for several genes sequenced from C. thermoaceticum 
(36, 44). This sequence matched perfectly with the proposed 
S/D sequences of the genes encoding the a, c, b, p, and e 
subunits. The N-terminal amino acid of the p subunit of the C 
ihermoautoirophicum ATP synthase is methionine (9), and the 
start codon of the p gene of the C. thermoaceticum atp operon 
is TTG, demonstrating the use of TTG for methionine. Thus, 
methionine is proposed as the first amino acid in the deduced 
protein sequences of a, b, and a subunits, as the genes for these 
subunits carry the TTG start codon. The structural genes atpl 
and atpB overlap by 50 bases, and the structural genes aipF and 
atpH overlap by 4 bases. 

The a, p, and 7 subunits show greater similarity to the 
corresponding subunits from other species than do the remain- 
ing subunits (18). The ct, p, and 7 subunits of C. thermoaceti- 
cum have 40 to 73% identities with the corresponding subunits 
from E. coli, thermophilic bacterium PS3, R. rubrum, spinach 
chloroplasts, and Synechococcus strain PCC 6716 (Table 2). 
The homology is relatively poor (22 to 39% identities) for 
other ATPase subunits except for the c subunit. It has higher 
homology with the c subunits of spinach chloroplasts and Syn- 
echococcus (56 to 58% identities) than with that of E. coli, 
thermophilic bacterium PS3, and R. rubrum (25 to 29% iden- 
tities), and alignment of the protein sequences shows that the 
most conserved region of the subunit is the DCCD-binding 
pocket (Fig. 5), in which 18 of 22 residues are found to be 
identical. 

The consensus nucleotide-binding domains, Walker motifs 
A (GXXXXGKT/S) and B (L-hydrophobic-hydrophobic-hy- 
drophobic-D) (1, 56), are found to be conserved in the de- 
duced protein sequence of the p subunit of C. thermoaceticum 
(Fig. 3). In the a subunit, the motif A sequence Is conserved 
but the motif B sequence is altered by a single substitution of 
a cysteine residue for a hydrophobic residue (Pig. 3). Appar- 
ently, this difference does not affect the catalytic activity of the 
enzyme. 

Northern blot analysis. The analysis of the Northern blots 
(Fig. 6) reveals the presence of the transcripts (mRNAs) of the 
genes encoding subunits /', a, and b. It also appears that initially 
long transcripts were synthesized, which subsequently de- 
graded into smaller products, as indicated by the presence of 
smear in the blots. Within the smear of the blots hybridized to 
the atpl and atpB probes were found some pronounced bands 
of smaller fragments. The maximum size of the transcripts was 
approximately 7 kb, suggesting that all nine genes are tran- 
scribed into a single polycistronic mRNA* The presence of a 
smear in the Northern blots of atp mRNA and the presence of 



intense bands of smaller fragments in the Northern blots of 
atpl and atpB have also been reported for£. coli and have been 
suggested to be due to specific endonucleolytic cleavage of the 
transcripts of the corresponding genes (34, 35). 

Regulatory sequences. The exact promoter structure of the 
Ctatp operon was not determined. Several C. thermoaceticum 
genes that have been cloned and sequenced have promoter 
structures similar to those of E. coli genes (36, 44). Two puta- 
tive promoters (PI and P2) with sequence similarities to the E. 
coli consensus promoter (41) were found in front of the first 
structural gene, atpl (Fig. 3). Due to the presence of several 
intergenic regions in the Cxatp operon, the presence of internal 
promoters as has been described for the£. coli atp operon (55) 
may be possible. A GC loop followed by a string of T residues, 
a structure resembling a putative terminator (40), was found 
immediately after the e gene. It may serve as the putative 
transcription terminator of the atp operon. 

There are three long and two short intergenic regions found 
in the Ctatp operon. The long regions are atpB-atpE (98 bp). 
atpE-atpF (88 bp), and atpH-atpA (49 bp). The two long 
intergenic regions around atpE are present also in other 
bacterial atp operons, including those of E. coli (55), Bacil- 
lus subtilis (46), B. megaterium (3), and thermophilic bacte- 
rium PS3 (38). The remaining long intergenic region (atpH- 
atpA) is not common to any bacterial atp operon. A long 
palindromic sequence which may protect the atpE mRNA 
from nuclease attacks (35) is found downstream of atpE (c 
gene) (Fig. 3). A similar finding is also reported for the B. 
subtilis atp operon (46). 

DISCUSSION 

The results of this study demonstrate that the ATP synthases 
purified from C. thermoaceticum and C. thermoautotrophicum 
have the same subunit composition and that they lack subunits 
1. a, and b, although the structural genes encoding these sub- 
units are present in the Cxatp operon. Previously we have 
shown til at the absence of these subunits does not influence the 
functional integrity of the ATP synthase purified from C. ther- 
moautotrophicum (9), 

The i subunit is also found to be absent in the ATP synthases 
purified from many bacteria (12, 16, 17, 27, 38, 43), but sub- 
units a and b are generally present. In E. coli, the inhibitor 
protein can be synthesized in vitro and in minicells, but it has 
never been detected in vivo (12). The mutations in atpl do not 
affect the activity of the ATPase, and so the function of this 
gene and its protein is unknown (19, 54). In C. thermoaceticum, 
the transcripts (mRNAs) of the genes encoding the /, a, and b 
subunits are found, which shows that the absence of these 
subunits in the ATP synthase of this bacterium is not due to the 
lack of transcription. McCarthy et al. (34, 35) demonstrated 
that in E. coli, the mRNAs of atpl and atpB are comparatively 
less stable due to their fragmentation by endonucleolytic cleav- 
age and have half-lives much shorter than those of the remain- 
ing genes of the atp operon. Fragmentation of the transcripts 
of atpl and atpB is also likely to occur in C thermoaceticum, as 
is evident from the Northern hybridization experiments (Fig. 
6), and could be one of the reasons for the lack of expression 
of diese genes. It is interesting that the structural genes of 
subunits 1 and a overlap considerably in the Ctatp operon but 
are well separated in other bacteria (3, 25, 38, 46, 55). 

The codon usage may also play an important role in differ- 
ential expression of the atp genes. In E. coli, the presence of 
rare codons in atpl has been suggested to be one of the reasons 
for the poor expression of this gene (55). We have compared 
the codon usages of different genes in the Ctatp operon. A 
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TCCTTGACGGAATTCCGGCGGCCCTCCAGGAAAOUACCC^^ 
ACGGCCCGGGAAACCCGTAACCCGCCGGCACCGTCCCGCCTGGTGGGC^ 
GACTGACAGGCAGGCTTACCTCCAAATGGCCCA 
CCAXTACTTCGGAATGACTGTTGCCCGCCCCCAGGAATT^ 

TCGACAT CAAAGGAGAATAAATAAAGACAGGTAACAGGAAAAAGGTATAAAATTTT CC TC C GGGCAGCAACTTAACATCAATGGC TGCAA 

AAAAACGCAATTACTGGGATTATGCCAGGTATACCAAtATGGCTTTTTC^ 

CGGGGGGAGCTGGTTGGACCGGCGCCTGGGCACTTCTCCCTGGCT 



PI 

TATC TTT AGTGAACT GC GGGC C CTGGAGAAAGATT TAAAAAACAGGGAGAC C GAT GC TCAGGATAAAGGTAAGCCCCATT GAAAGAT GGA 

L 



P2 



H 



RIKVSPIERWM 



TGCTGGCATTGGCCGCCGTGGGCGTAATGTCCGGTGGGGTTGCGGGCT^^ 

LALAAVGVMS GGVAGYYL FVAGLVVGLMAS 
Nbtl 
1 

CGCTCCTGTTACTGCGGTGGCAACTGGCGGCCGCGAGGAACGAAGAC 

LLLLRWQLAAARNEDNLHPI DAHNRLMFRS 



90 
160 
270 
360 
450 
540 
630 

720 

810 
900 



CGCTAATCAGAACCGGCGTGGCTTTAACCCTGTTGACCCTGGCCGTTCTAAAGGGCATCGAGTTACTCTTTGGTGTGCTGGCGGGCCTGT 
LIRTGVALT1LTLAVLKGIELLFGVLAGLF 



990 



TCCTCCAGGTCGCCGCTTACAIGGGCCAGGCAGCCCTG^ 1080 



LQVAAYMGQAAL I ILRKEGKK 



VGTSGSGRD 
MGLRALGE 



ATCATGACCCATGTC CGCCCGGTTGAAATCTTTCJ^CTGGGACCTATCCCCATCTATTCrACGGTGGTCAACAC CTGGAXTAXTATGATC 1170 
S * 

IMTHVRPVE IFHLGPIP IYSTVVNTWI IMI 

CTGCTGCTGGCCGGGATCTTCCTGGCGACCAGGA^ 1260 
LIiLAGX FLATRKLS FIPRGAQHVXiEMFLE F 

TTCTACGGGCTC C TGGAAGAAAT CATAGGCAAAGAAGGGC GGCGTTATCTC CCTCTGGTTGCTAC CCTC TTTATCTTTATTrTAAGCCTG 1350 
FYGLLEEI IGKEGRRYLPLVATLFIFILSL 

AATCTATCATGGTTXATCCCGGGGATGAAACCGCCT^^ 1440 
N1SWFIPGMKPPTMDLSTTAAFAVTTI ILV 

CAGATTTTCGGCATCCGCAAACTGGGGCTGCGGGGGTACATCCGCCATTTTTTCCAGCCGGCGCCATTTCTT 1530 
QIFGIRKLGLRGYIRHFFQPAPFLFPLMVI 

GAAGAACTGGTCAAACCGGTATCCCTTTCCCTCCGTCT^ 1620 
EELVKPV SLSLRLFGNLFGEEMVVTILFLM 

ATACCCTTCCTGTTGCCGACCCCCATTATGCTTCTGGG^ 1710 
IPFLLPT P IMLLGVLMGT IQAFVFTLLT IT 

TATATC GCCAACTTTGTCCACGGGCACTGAGTGGC TGTAAACGTTAGCATGGGTAAAAACAGGTTGTATAGCC CAAAGGGCTTTTTCTTA 1 B 0 0 
YIANFVHGH* 

AACTGAGTTTTATATTTTCAAAGGAGGAGACATATGGCA^ 1690 

MATIGF XGVGLAIGLAAIiG 

TCGGGCCTTGGCCAGGGTATTGCTTCCCGGGGAGCOT 1980 
SGLGQGIASRGALEGMARQPEASGDIRTTL 

CTCCTGGCCCTGGCCTTTATGGAAGCCTTAACGCTCT^^ 2070 
LLALAFMEALTLFS FVIAILMWTKL* 

> < 

GGGCGAATAGGACGGCGGCAGGCGGTCTTATTCGCCCCTGT^ 2160 



M Q A I F 0 Z? 

FIG. 3. Nucleotide and deduced protein sequences of the structural genes of the CXatp operon. Putative promoters PI and P2 are indicated by labeled thick lines 
below the sequence; the terminator is marked by thick arrows above the sequence; start codons and S/D sequences are marked by unlabeled thick lines below the 
sequence; inverted repeats are marked by dashed single-line arrows above the sequence. The nucleotide-binding motifs of the a and p subunits are shown by underlined 
letters. The names of the encoded ATPase subunits are given at the right at the start of the ORFs; nucleotide numbering Ls also shown at the right. 
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GGCCCTGAATTTTAATCCCTGGACCTTTTTA^ 2250 
ALNFNPWTFL FQTIiNXiLVVMGLIiYVFLYKP 

> < 

CCTGGGCAAGGTCCT(K£CGACCGCGAGGC 2340 
LGKVLADREARIEGNINDAAAAREKAEHIL 



CG<XGAATACCGGCAACAGCTCCAGGGCGCCCGCCAGGAA 
AEYRQQIQGARQEAQAILDRATKMAEETRA 



2430 



GGAGATTAT TAAC C GGGC CCGGGAAGAAGC C GAACGGAC C C TGGCACAGGCC C GGAGGGAGA.TTGAGGGTGAGAAGAGGAAGGC CCTGGC 2520 
EI XNRAREEAERTLAQARRE IEGEKS KALA 

AGCCATTCGCAGCGAAGCCGCCAGCMGGCGATCCTGGCAGCCGGCAAGGTCCTGGAGCGTTCC 2 610 

AIRSEAASLAIIiAAGKVLERS LTPDDQERL 

GGCCCGGGAAGCCATTGCCGAGGTGGAGCGACTGCAATG^^ 2700 

AREAIAEVERLQ* 

MSEQNVARRYARALFNIA 

CGGGAGCAGGGTACAGC CGGCGAAITTGCCAACGGCC TGGAGGA^ 2790 
REQGTAGEFANGLEEVSRTLAENSDFRRVL 

TACCACCAGTTGATCC CCGTGCGGGAGAAACAGAAACT CATC GATACCATCTTTCCCGACATTAACCCGCTCTTAAAGAACTTCCTCCAC 2880 
YHQLIPVREKQKL IDTIFPDINPIiLKNFLH 

CTGGTCCTGGCCAAGGGCCGGGAGCGGGCGCTGCCGGAGATGGCCGCCCAGTTCCGCCGCCTGOTGGAC 2970 
L V L A K G RE RA L P E MA AQ FRR IV D QAE K I L P 



GTGGAGGTCACCTCGGCCATTACCCTGCGGGAGGAIATCCT^ 3060 
VEVTSAITLREDILAGLKERLAGITRRNIR 

CTCTCCAGCCGGGTCAACCCGGAGTTAATCGGCGGGGTGGTC^TCC^ 3150 
ISSRVNPELIGGVVIRLGDRVLDASVKKKi 

GAACTC CTGGGTGAACACCTGAAACGGGC TTGAGAGAACGACAGAAA 3240 
ELLGEHLKRA* _____ _ 

M S I R 



a 



AC C CGAC GAGATAAC CAGTATTTTAAAGAAC CAGATT GAAC AAT AC CAGC T GGAAGTAGAAAT GGCC GAGGTGGGAAC C GTTAC CCAGGT 3330 
PDEITS ILKNQ IEQYQLEVEMABVGTVTQV 

CGGTGACGGTATCGCCCGCATCTACGGCCTGGACCGGGCCATGGCCG 3420 
GDGIARIYGLDRAMAGELLEFPGDIYGMVL 

GAACCTGGAAGAAGATAAC GTCGGC GC CGTTATCCTCGGTCCCTATAC CCATATCAAAGAGGGCGACCAGGTCAAACGTACCGGGCGTAT 3510 
NLEEDNVGAVILGPYTH XKEGDQVKRTGRI 

TGTCGAGGTGC C GGTGGGC GAAGC C C T CATC GGC C GGGTGGTCAACGC CAT GGGC CAGC C CATAGAC GGCAAGGGGC CTATCCAGAC GGA 3600 
VEVPVGEAL I GRVVNA MGQP IDGKGPIQTD 

TAAATTCCGCCCGGTGGAATCCCCGGCGCCGGGCGTGGTCTACCGCCAGCCGGTCAATACT 3690 
KFRPVE S PAP GVVYRQPVNT PLQTGLKAX D 

CTC CATGGT CCC CATCGG<XGC GGTCAGCGGGAGCTGATTATCGGTGAC^ 37 80 

SMVPIGRG QRELIIGDRQT G K T AIAVDTII 

CAACCAAAAGGGGCAGAAC GT T ATC TGCATCT ATGTGGC CATC GGC CAGAAGGC TT C TACAGT GGCGGGC GTAGTC CAGC GTCTGGAAGA 3870 
NQKGQNVIC I YVA XGQKAS TVAGVVQRLEE 

GGCCGGAGCTATGGAATATATCATCGTCGTTATGGCTACAGCCAGCGAACCGGCGCCC^ 3960 
AGAMEYI IVVMATASEPAPMLYIAPYAGCT 

CATGGGC GAATAC T T TAT GTAT GAGCAGC ACC GGGAC GT T C T CTGC GTTT ATGAC GAC CTTT C CAAGCACGCAGCAGC C TACCGGGAAC T 4050 
MGEYFMYEQHRDVLC V Y D D L S KHAAAYREL 

Ndtl 
I 

CTCCCTGCTTCTGCGGCGGCCGCCGGGCCGTGAGCCTTACCCGGGGGATGTC^^ 4140 
SLLLRRPPGREPYPGDVFYLHSGLLERPAR 

CCTGACCGACTCCCTGGGTGGCGGTTCCCTCACTGCCCTGCCGOT 4230 
LTDSLGGGSLTALPVIETQAGDVSAYIPTN 



FIG. ^—Continued. 
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TCTTATCTCCATCACCGACGGCCAGATCWCCTGGAGTCTGAT 4 320 

VISITDGQIFLESD1FYAGQRPAINVALSV 

AICCCGGGTGGGCGGCGCCGCCCAGATCAAGGCCATGAAACA^ 4410 
S RVGGAAQ I KAMKQV'AARLRLDLAQYRELA 

GGCCTTCGCCCAGTTCGGTTCCGACCTGGAIAAAGCCACCCAGG 4500 
AFAQFGSDL DKAT QARLARAERMME ILKQD 

CCAGXACCAACCCATGCCCGTCGAAGAACAGGTGGTCGTCCTCTATGCTGCCGTCAATG 4 5 90 

QYQPMPVE EQVVVL YAAVNGFL DDLPVGRV 

GCGCGCCTTTGAAAAGGACTTCCTGCGC1TCCTCCGCAACGAGAGGCCTGAGGTCCTGGCCGGCAJ 4680 
RAFEKDFLRFLRNERPEVLAGIREKRQLDD 

TAAC C TC CAGGAACAACTGAAAAAGAGCATT GAAGAC TT CAAAGGCAGC TTTACC GC T GCC GGAGAAT CAIAAGGTGGTGAGC CGGCATG 4770 
NLOEQLKKS I E D F K G S FTAAGE S * — — 

M 

GCCCACATGCGTGACCTGAAGCGCC GCATCC GCAGTGT C CAGAGT AC C CAGCAT ATTAC CAGGGC CATGAAGATGGTAGC TGCCGCCAAG 48 60 
AHMRDLKRRIRSVQSTQHITRAMKMVAAAK 

CTGCGCAAGGCCCAGGCCCkGGTCACGGCAGGCC 4950 
LRKAQAQVTAGRP YAAKLEEVVGRLMAAVD 

CCGGAAACCCAGCCCCTGGCCGCCACCCGGGAGGTAAAAAAAGCCGGCTATGTCCTGATA^ 5040 
PETQPLAATREVKKAGYVL ITADRGLAGGY 

AACGCCAACCTCATCCGGCTGACGGAGGAACGCCTGCGGGAGGAAGGCCGTCCCGCTGCCCTGGTAGCCG 5130 
NANL IRLTEERLREEGRPAALVAVGRKGRD 

TTTTTCCGCCGCCGGCCGGTGGAGATAGTCAAATCCTTCACCGACATAGGCGATAACCCGGAACTCATCC^ 5220 
FFRRRPVEIVKSFTDIGDNPELIQARBLAR 

CAGC TGGTGACCAT GTAC C T GGAGGGTAC CCT GGAC GAGGT TAAC C T GATCAATAC C C GTT T C TATTC GC C CATC C GC CAGGTAC C CAT G 5310 
QLVTMYLEGTL DEVNL INTRFYS P IRQVPM 



GTTGAGCGGTTGCTGCCCATCGCTACCCCCCGGGAAAAGAAGGATACCGGCGATTATATCTATGAACCCTCA^ 
VERLLPIATPREKKDTGDYIYEPSPEGVLR 



5400 



GTCCTCCTGCCCCGGTACTGCGAGATCAAGGTCTACCGGGCCCTCCTGGAGGCCAAGGCCAGCGAGCACG 5490 
VLLPRYCE IKVYRALLEAKASEHGARMTAM 

GATAACGCCACCAAGAATGCTGCCGAGATGATTGACAAATTCACCCTATCCTTCAACCGCGCCCGCCA 5580 
DNATKNAAEMIDKFTLSFNRARQAAITNEI 

GTGGAGAT C GTC GC C GGGGCAGATGC T T TGAAGTAAAGGAGGGGACAAGT T TGAAC GAAGGAC AGGTGGTC CAGGTTAT T GGC C C GGT GG 5670 
VE IVAGADALK* — — 

MNEGQVVQVIGPVV 

TTGAC GT C GAAT T C GC CAGC GAC C GTC T GC C C GAC C T GTATAAC GC CATCAC CAT TAAAACCGATAAGAT TAATATAACCATGGAGGC CA 5760 
DVEFASDRIPDLYNAITIKTDKINITMEAM 

TGCAGCACCTGGGCAACAACACCGTCCGCTGTGTGGCCCTCTCCTCGACCGACGGCCTGCAGCGA^ 5850 
QHLGNNTVRCVALS 3TDGLQRGMKAVDTGQ 

AGC CAAT CAC C GTAC C GGTAGGCC GGGC TAC C C TGGGAC GGC TC T TTAAC GTC C T GGGAGAAC C CATT GACAAC CAGGGACC GGTAGAAA 5940 
PI TVPVGRATLGRLFNVIiGE P I DNQGPVET 

CCACCGAGAGGCTGCCCATTCACCGGCCGGCGCCCTCCTTTGAA 6030 
TERLPIHRPAPS FEEQQPSTEVLETGIKVV 

TCGACCTCCTGGCGCCCTACGCCAAGGGCGGCAAGATCGGCCTCTTCGXKGGCGCCGGGGTCGGCAAGAC 6120 
DL1APYAKGGKIGLFGGAGV G K T V L I M E L I 

TCCGCAACATCGCCTATGAACACGGCGGCTmCCGTCTTCAGCGGCGTGG^ 6210 
RNIAYEHGGFSVFSGVGERTREGNDLYLEM 

TGAAGGAATCCGGGGTTCTCGAAAAGACGGCCCTGGTCTTTGGCCAGATGAACGAACCCCCGGGTGCCCGC 6300 
KE SGVLEKTALVFGQMNEP PGARLRVGLTG 

GCCTGACTATGCCCGAGTACITTCCGGGACCCCGAGGCCCAGGAC^ 63 90 

LTMPEYFRDPEAQDV L L F I D NIFRFVQPGS 



P 



FIG. 3—Cortiinued. 



difference is observed in the relative use of codons for certain 
amino acids between atpB and the rest of the genes in the 
operon. These codons are TTT (Phe), GGG (Gry), CTT (Leu), 
and CAT (His). The numbers of these codons present in atpB 
are 14, 9, 5, and 3, which account for 40, 35, 43, and 42%, 



respectively, of the total number of the corresponding codons 
present in the entire Ctatp operon. We have compared the use 
of these codons among other genes of C. thermoaceticum which 
have been sequenced, e.g., the formyltetrahydrofolate syn- 
thetase, carbon monoxide dehydrogenase, methylenetetrahy- 
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CCGAGGTTTCCGCCCTCCTGGCCCGGATGCCCTCGGCGGTGGGTTATCAGCCCACCCTGCCCACAGAGATGGG^ 6480 
EV3ALLARMPSAVGYQPTLPTEMGPLQERI 

TTACCTCCACGAAAAAGGGTTCCATCACCTCCGTGCAAGCXATCTATGTGCCGGCCGAC 6570 
TSTKKGSITSVQAIYVPADDLTDPAPATTF 

TCGCCCATCTGGACGCCACCACGGTTCTGTCCCGGCAGATCGCTCaiGCTGGGCATCTACCCGGCCGTC 6660 
AHLDATTVISRQIAELGIYPAVDPLDSTSR 

GTATCCTGGACCCGC GCGTC CTGGGAGAAGAGCACTAC CAGGTGGTCCGGGGAGTC CAGCAGGTACTGCAGCGTTAIAAAGAACTC CAGG 6750 
ILDPRVLGBEHYQVVRGVQQVLQRYKELQD 

ACATTATCGCCATCCTGGGAATGGATGAGCTGTCCGA^TGATAAACTCATA 68 40 

I IAILGMDELS EDDKL IVARARKIQRFLS Q 

AGCCCTTCCACGTAGCCGAGGCTTTTACCGGCCAGCCCGGGGTTTATGTGCCCCTGAAGGAAACC^^ 6930 
PFHVAEAFTGQPGVYVPLKETIRGFKEILE 

AGGGC C GC CAC GACAAC C T C C C C GAGCAGGC C TTC T AT ATGGT C GGGAC CATCGAC GAAGC C GTCAAGAAGGGC CAGGAGTT GAT GTAGA 7020 

GRHDNLPEQAFYMVGT IDEAVKKGQELM * 

M 

TGGCCTCCCTCAACCTGGAGATCATJ^CTCCCGAGCGGGTGGTCCTGCAGGCGGAAGCCGCCAG^ 7110 
ASLMLEIITPERVVLQAEAQSVIAPGIQGY 



ACCTGGGTGTCCTACCGGAGCACGCCCCTTTGATCACTCCCCTCCAGGCCGGGGTCGTCACCTGCCGCCGGCGGGAGAGAGCGGAGGAAC 
XGVL P E H A R L IT PLQAGVVTCRRRERAEER 



7200 



GTGTGGCT GT TTCCGGCGGTTrCCTGGAAGCC GGC C CGGACCAGGTAATTATCCTGGCC GATACAGCCGAAC GGTC GGAAGAGAT CGACG 72 90 
VAVS GGFLEAGP D Q V I ILADTAERSEE I DV 

TCGAATGGGCCCGGCAGGCGCGGGAGCGGGCCGAGCGGCGCTTGCGGGAGCGCCCCCCGGGCCT 7360 
EWARQARERAERRLRERPPGLDVARAEAAL 

TGC GGC GAGC C GTAGC C C GC T T GAAGGC C GC C GGAGC T ATTTAAGTAGT C TATT TTTCCAGTCCCCT GGCAAGAATAGGAAT AACAC TA 7469 
RRAVARLKAAGAI* 

CCCCCTGCAAAGGGGGCTTTTCTTTTGTTCC 7500 



FIG. ?>— Continued. 



drofolate reductase (36, 37), corrinoid/iron sulfur protein (32), 
and methyltetrahydrofolate corrinoid/iron-sulfur protein (44) 
genes. Of the four above-mentioned codons, GGG and CTT are 
rarely used by these genes, which suggests that the presence of die 



higher number of these codons in atpB may reduce the transna- 
tional efikiency of its mRNA in C. thermoaceticum. 

It is not clear why the gene encoding the b subunit is not 
expressed in C. thermoaceticum. Computer analysis of the tran- 
script (mRNA) of this gene reveals the presence of two appar- 



C. thermoaceticum 




HPhoblc 
HPhilic 



Residue no. 



PS3 




Residue no. 

FIG. 4. Hydropathy profiles of the inhibitor protein of thermophilic bacte- 
rium PS3 and that of the predicted product (molecular weight, 14,207) of the 
inhibitor gene from C. Dxtrmoaceticum. The plots were generated by using the 
computer program PEPPLOT (Genetics Computer Group). The segments of the 
plots above the horizontal line represent hydrophobic (HPhobic) regions, and 
the segments below the line represent hydrophilic (HPhilic) regions. The dotted 
lines represent the alpha helix, and the solid lines represent the beta structures. 
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1 . . . . MAT I GFI GVGLA I aLAAIiO SOLOQ 0 1 AS RGALHG> 
L UDPLVASASVLAAAX«AIGIASLGPaZOQGNA£GQAVB03 ARQFSAZGK 
L MDSTVAAASVTAAALAVOLGAIOPOiaQaNASOOAVSai ARQPSARGK 
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FIG. 5. Alignment of deduced protein sequences of the C. tftennoaccticum c 
subunit (AtpC_Cthe) with that from Synecliococcus strain PCC 6716 (AtpC 
JSynpl) (accession no. Q05366), Syneclwcystis strain PCC 6803 (AtpC_Syny3) 
(accession no, P27182), spinach chloroplasts (AtpC_Spiol) (accession no. 
P00843), tobacco (AtpC_Tobac) (accession no. P06286), Euglena gracilis (Atp 
C_Eugrr) (accession no. P 10603), thermophilic bacterium PS3 (AtpC_Thep3) 
(accession no. P00845), and E. coti (AtpC_Ecoli) (accession no. P0084). The 
consensus D CCD -binding pocket of the c subunit is indicated by boxes, and 
highly conserved residues are in boldface. 
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FIG. 6. Northern blots of total RNA from C. thermoaceticum after hybrid- 
ization with different DNA probes. Total RNA extracts were subjected to elec- 
trophoresis in the presence of 2.3 M formaldehyde on 1.2% agarose gels. The 
RNA blots were hybridized to DNA probes specific for the genes atpl (lane 1), 
atpB (lane 2), atpF (lane 3), and atpH (lane 4) as described in Materials and 
Methods. The relative sizes of the RNA standards are indicated by arrows to the 
right of each lane. The positions of the smaller RNA fragments that hybridized 
to atpl and atpB probes are shown by arrowheads on the Left. 



ently siabLe secondary structures (inverted repeats) containing 
six and seven GC pairs, respectively (Fig. 3), which may reduce 
or inhibit the translational efficiency of mRNA (34, 40), but we 
do not have any data to support this possibility. It should be 
noted that the inverted repeats are also present in other atp 
genes (not shown). 

7TG is found to be the start codon for atpA and atpD (Fig. 
3), the two highly expressed genes of the Ctatp operon. TTG 
has been described as one of the least preferred start codons in 
both E. coli (55) and C. thermoaceticum (36). These results 
indicate that the translational efficiencies of the atp genes in C. 
thermoaceticum are not influenced by the use of TTG as a start 
codon. 

It should be noted that the Na-dependent ATP synthase 
from the obligately anaerobic gram-positive acetogenic bacte- 
rium Acetobacterium woodii has six different subunits (43) and 
a subunit structure identical to that of C thermoaceticum (9). 
The simplest structure of the ATP synthase has been found in 
the gram-positive anaerobic bacterium Clostridium pasteuria- 
nu?n y which contains only four subunits, one in F 0 and three in 
Ft (4, 5). These results suggest that in general, the ATP syn- 
thases from gram-positive anaerobic bacteria are simpler in 
subunit composition than those from other bacteria, including 
the anaerobic gram-negative bacterium Propionigenium mod- 
cstum (27). 
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Deciphering the Message in Protein Sequences: 
Tolerance to Amino Acid Substitutions 

James U. Bowie * John F. Reidhaar-Olson, Wendell A. Lim, 

Robert T. Sauer 



An amino acid sequence encodes a message that deter- 
mines the shape and function of a protein. This message is 
highly degenerate in that many different sequences can 
code for proteins with essentially the same structure and 
activity. Comparison of different sequences with similar 
messages can reveal key features of the code and improve 
understanding of how a protein folds and how it per- 
forms its function. 



THE GENOME IS MANIFEST LARGELY IN THE SET OF PRO- 
tcins that it encodes. It is the ability of these proteins to fold 
into unique three-dimensional structures that allows them to 
hinction and carry out the instructions of the genome. Thus, 
comprehending the rules that relate amino acid sequence to struc- 
ture is fundamental to an understanding of biological processes. 
Because an amino acid sequence contains all of the information 
necessary to determine the structure of a protein (7), it should be 
possible to predict structure from sequence, and subsequendy to 
infer detailed aspects of function from the structure. However, both 
problems are extremely complex, and it seems unlikely that either 
will be solved in an exact manner in the near future. It may be 
possible to obtain approximate solutions by using experimental data 
to simplify the problem. In this article, we describe how an analysis 
of allowed amino acid substitutions in proteins can be used to 
reduce the complexity of sequences and reveal important aspects of 
structure and function. 



Methods for Studying Tolerance to 
Sequence Variation 

There are two main approaches to studying the tolerance of an 
amino acid sequence to change. The first method relics on the 
process of evolution, in which mutations are either accepted or 
rejected by natural selection. This method has been extremely 
powerful for proteins such as the globins or cytochromes, for which 
sequences from many different species are known (2-7). The second 
approach uses genetic methods to introduce amino acid changes at 



The authors arc in the Depart mem of Biology, Massachusetts Institute of Technology 
Cambridge, MA 02 139. *' 

•Present address: Department of Chenusrry and Biochemistry and the Molecular 
Biology Institure, University of California, Los Angeles, Los Angeles, CA 90024. 

1^06 



specific positions in a cloned gene and uses selections or screens to 
identify functional sequences. This approach has been used to great 
advantage for proteins that can be expressed in bacteria or yeast, 
where the appropriate genetic manipulations arc possible (3, 8-11). 
The end results of both methods are lists of active sequences that can 
be compared and analyzed to identity sequence features that are 
essential for folding or function. If a particular property of a side 
chain, such as charge or size, is important at a given position, only 
side chains that have the required property will be allowed. Con- 
versely, if the chemical identity of the side chain is unimportant, 
then many different substitutions will be permitted. 

Studies in which these methods were used have revealed that 
proteins are surprisingly tolerant of amino acid substitutions {2-4, 
11). For example, in studying the effects of approximately 1500 
single amino acid substitutions at 142 positions in lac repressor, 
Miller and co-workers found that about one-half of all substitutions 
were phenorypically silent (11), At some positions, many different, 
nonconscrvativc substitutions were allowed. Such residue positions 
play little or no role in structure and function. At other positions, no 
substinitions or only conservative substitutions were allowed. These 
residues are the most important for lac repressor activity. 

What roles do invariant and conserved side chains play in 
proteins? Residues that arc directly involved in protein functions 
such as binding or catalysis will certainly be among the most 
conserved. For example, replacing the Asp in the catalytic triad of 
trypsin with Asn results in a 10 4 -fold reduction in activity (12). A 
similar loss of activity occurs in X repressor when a DNA binding 
residue is changed from Asn to Asp (13). To carry out their 
function, however, these catalytic residues and binding residues 
must be precisely oriented in three dimensions. Consequently, 
mutations in residues that are required for structure formation or 
stability can also have dramatic effects on activity (10, 14-16). 
Hence, many of the residues that arc conserved in sets of related 
sequences play structural roles. 



Substitutions at Surface and Buried Positions 

In their initial comparisons of the globin sequences, Pcrutz and 
co-workers found that most buried residues require nonpolar side 
chains, whereas few features of surface side chains are generally 
conserved (6). Similar results have been seen for a number of protein 
families (2, 4, 5, 7, 17, 18). An example of the sequence tolerance at 
surface versus buried sites can be seen in Fig. 1, which shows the 
allowed substitutions in A repressor at residue positions that are near 
the dirner interface but distant from the DNA binding surface of the 
protein (9). These substitutions were identified by a functional 
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Fig. 1 . ( A) Amino acid substitutions allowed in a 
short region of X repressor. The wild-type se- 
quence is shown along the center line. The al- 
lowed substitutions shown above each position 
were identified by randomly mutating one to 
three codons at a time by using a cassette method 
and applying a functional selection (9). (B) The 
fractional solvent accessibility (42) of the wild- 
type side chain in the protein dimcr (43) relative 
to the same atoms in an Ala-X-Ala model tripep- 
tidc. 
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selection after cassette mutagenesis. A histogram of side chain 
solvent accessibility in the crystal structure of the dimer is also 
shown in Fig. 1. At six positions, only the wild-type residue or 
relatively conservative substitutions are allowed. Five of these 
positions are buried in the protein. In contrast, most of the highly 
exposed positions tolerate a wide range of chemically different side 
chains, including hydrophilic and hydrophobic residues. Hence, it 
seems that most of the structural information in this region of the 
protein is carried by the residues that are solvent inaccessible. 



Constraints on Core Sequences 

Because core residue positions appear to be extremely important 
for protein folding or stability, we must understand the factors that 
dictate whether a given core sequence will be acceptable. In general, 
only hydrophobic or neutral residues are tolerated at buried sites in 
proteins, undoubtedly because of the large favorable contribution of 
the hydrophobic effect to protein stability (19). For example, Fig. 2 
shows the results of genetic studies used to investigate the substitu- 
tions allowed at residue positions that form the hydrophobic core of 
the NH 2 -terminal domain of X repressor (20). The acceptable core 
sequences are composed almost exclusively of Ala, Cys, Thr, Val, He, 
Leu, Met, and Phe. The acceptability of many different residues at 
each core position presumably reflects the fact that the hydrophobic 
effect, unlike hydrogen bonding, does not depend on specific 
residue pairings. Although it is possible to imagine a hypothetical 
core structure that is stabilized exclusively by residues forming 
hydrogen bonds and salt bridges, such a core would probably be 
difficult to construct because hydrogen bonds require pairing of 
donors and acceptors in an exact geometry. Thus the repertoire of 
possible structures that use a polar core would probably be extreme- 
ly limited (21). Polar and charged residues are occasionally found in 
the cores of proteins, but only at positions where their hydrogen 
bonding needs can be satisfied (22). 

The cores of most proteins arc quite closely packed (23), but some 
volume changes are acceptable. In \ repressor, the overall core 
volume of acceptable sequences can vary by about 10%. Changes at 
individual sites, however, can be considerably larger. For example, 
as shown in Fig. 2, both Phe and Ala are allowed at the same core 
position in the appropriate sequence contexts. Large volume 
changes at individual buried sites have also been observed in 



phylogenetic studies, where it has been noted that the size decreases 
and increases at interacting residues are not necessarily related in a 
simple complementary fashion (5, 7, 17). Rather, local volume 
changes are accommodated by conformational changes in nearby 
side chains and by a variety of backbone movements. 



The Informational Importance of the Core 

With occasional exceptions, the core must remain hydrophobic 
and maintain a reasonable packing density. However, since the core 
is composed of side chains that can assume only a limited number of 
conformations (24), efficient packing must be maintained without 
steric clashes. How important are hydrophobicity, volume, and 
steric complementarity in determining whether a given sequence can 
form an acceptable core? Each factor is essential in a physical sense, 
as a stable core is probably unable to tolerate unsatisfied hydrogen 
bonding groups, large holes, or steric overlaps (25). However, in an 
informational sense, these factors are not equivalent. For example, in 
experiments in which three core residues of \ repressor were 
mutated simultaneously, volume was a relatively unimportant infor- 
mational constraint because three-quarters of all possible combina- 
tions of the 20 naturally occurring amino acids had volumes within 
the range tolerated in the core, and yet most of diesc sequences were 
unacceptable (20). In contrast, of the sequences that contained only 



Fig. 2. Amino acid substitu- 
tions allowed in the core of X 
repressor. The wild-type side 
chains are shown pictorially in 
the approximate orientation 
seen in the crystal structure 
(43). The lists of allowed sub- 
stitutions at each position are 
shown below the wild-type 
side chains. These substitu- 
tions were identified by ran- 
domly mutating one to four 
residues at a time by using a 
cassette method and applying 
a functional selection (20). 
Not alt substitutions are al- 
lowed in every sequence back- 
ground. 
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the appropriate hydrophobic residues, a significant fraction were 
acceptable. Hence, the hydrophobicity of a sequence contains 
more information about its potential acceptability in the core than 
docs the total side chain volume. Stcric compatibility was intermedi- 
ate between volume and hydrophobicity in informational impor- 
tance. 



The Informational Importance of Surface Sites 

We have noted that many surface sites can tolerate a wide variety 
of side chains, including hydrophilic and hydrophobic residues. This 
result might be taken to indicate that surface positions contain little 
structural information. However, Bashford et a/., in an extensive 
analysis of globin sequences (4), found a strong bias against large 
hydrophobic residues at many surface positions. At one level, this 
may reflect constraints imposed by protein solubility, because large 
patches of hydrophobic surface residues would presumably lead to 
aggregation. At a more fundamental level, protein folding requires a 
partitioning between surface and buried positions. Consequently, to 
achieve a unique native state without significant competition from 
other conformations, it may be important that some sites have a 
decided preference for exterior rather than interior positions. As a 
result, many surface sites can accept hydrophobic residues individ- 
ually, but the surface as a whole can probably tolerate only a 
moderate number of hydrophobic side chains. 



Identification of Residue Roles from 
Sets of Sequences 

Often, a protein of interest is a member of a family of related 
sequences. What can we infer from the pattern of allowed substitu- 
tions at positions in sets of aligned sequences generated by genetic 
or phylogcnetic methods? Residue positions that can accept a 
number of different side chains, including charged and highly polar 
residues, are almost certain to be on the protein surface. Residue 
positions that remain hydrophobic, whether variable or not, arc 
likely to be buried within the structure. In Fig. 3, those residue 
positions in K repressor that can accept hydrophilic side chains are 
shown in orange and those that cannot accept hydrophilic side 
chains are shown in green. The obligate hydrophobic positions 
define the core of the structure, whereas positions that can accept 
hydrophilic side chains define the surface. 

Functionally important residues should be conserved in sets of 
active sequences, but it is not possible to decide whether a side chain 
is functionally or structurally important just because it is invariant or 
conserved. To make this distinction requires an independent assay of 
protein folding. The ability of a mutant protein to maintain a stably 
folded structure can often be measured by biophysical techniques, 
by susceptibility to intracellular proteolysis (26), or by binding to 
antibodies specific for the native structure (27, 28). In the latter 
cases, it is possible to screen proteins in mutated clones for the 
ability to fold even if these proteins are inactive. Sets of sequences 
that allow formation of a stable structure can then be compared to 
the sets that allow both folding and function, with the active site or 
binding residues being those that arc variable in the set of stable 
proteins but invariant in the set of functional proteins. The DNA- 
binding residues of Arc repressor were identified by this method (8). 
The receptor-binding residues of human growth hormone were also 
identified by comparing the stabilities and activities of a set of 
mutant sequences (28). However, in this case, die mutants were 
generated as hybrid sequences between growth hormone and related 
hormones widi different binding specificities. 
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Implications for Structure Prediction 

At present, the only reliable method for predicting a low- 
resolution tertiary structure of a new protein is by identifying 
sequence similarity' to a protein whose structure is already known 
(29, 30). However, it is often difficult to align sequences as the level 
of sequence similarity decreases, and it is sometimes impossible to 
detect statistically significant sequence similarity between distantly 
related proteins. Because the number of known sequences is far 
greater than the number of known structures, it would be advanta- 
geous to increase the reach of the available structural information by 
improving methods for detecting distant sequence relations and lor 
subsequently aligning these sequences based on structural principles. 
In a normal homology search, the sequence database is scanned wirh 
a single test sequence, and every residue must be weighted equally. 
However, some residues are more important than others and should 
be weighted accordingly. Moreover, certain regions of the protein 
are more likely to contain gaps than others. Both kinds of informa- 
tion can be obtained from sequence sets, and several techniques have 




Flfl. 3. Tolerance of positions in the NH 2 -terminal domain of X repressor to 
hydrophilic side chains. The complex (43) of the repressor dimcr (blue) and 
operator DNA (white) is shown. In (A), positions that can tolerate 
hydrophilic side chains arc shown in orange. The same side chains are shown 
in (B) without the remaining protein atoms. In (C), positions that require 
hydrophobic or neutral side chains arc shown in green. These side chains arc 
shown in (D) widiout the remaining protein atoms. About three-fourths of 
the 92 side chains in the NH 2 -terminal domain are included in both (B) and 
(D). The remaining positions have not been tested. Data are from (9. 14, 20, 
27, 44). 
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been used to combine such information into more appropriately 
weighted sequence searches and alignments (J 3). These methods 
were used to align the sequences of retroviral proteases with aspartic 
proteases, which in turn allowed construction of a three-dimension- 
al model for the protease of human immunodeficiency virus type 1 
(29). Comparison with the rccendy determined crystal structure of 
this protein revealed reasonable agreement in many areas of the 
predicted structure (32). 

The structural information at most surface sites is highly degener- 
ate. Except for functionally important residues, exterior positions 
seem to be important chiefly in maintaining a reasonably polar 
surface. The information contained in buried residues is also 
degenerate, the main requirement being that these residues remain 
hydrophobic. Thus, at its most basic level, the key structural 
message in an amino acid sequence may reside in its specific pattern 
of hydrophobic and hydrophilic residues. This is meant in an 
informational sense. Clearly, the precise structure and stability of a 
protein depends on a large number of detailed interactions. It is 
possible, however, that structural prediction at a more primitive 
level can be accomplished by concentrating on the most basic 
informational aspects of an amino acid sequence. For example, 
amphipathic patterns can be extracted from aligned sets of sequences 
and used, in some cases, to identify secondary structures. 

If a region of secondary structure is packed against the hydropho- 
bic core, a pattern of hydrophobic residues reflecting the periodicity 
of the secondary structure is expected (33, 34). These patterns can be 
obscured in individual sequences by hydrophobic residues on the 
protein surface. It is rare, however, for a surface position to remain 
hydrophobic over the course of evolution. Consequently, the am- 
phipathic patterns expected for simple secondary structures can be 
much clearer in a set of related sequences (6). This principle is 
illustrated in Fig. 4, which shows helical hydrophobic moment plots 
for the Antennapedia homeodomain sequence (Fig. 4A) and for a 
composite sequence derived from a set of homologous homeodo- 
main proteins (Fig. 4B) (35). The hydrophobic moment is a simple 
measure of the degree of amphipathic character of a sequence in a 
given secondary structure (34). The amphipathic character of the 
three a-helical regions in the Antennapedia protein (36) is clearly 
revealed only by the analysis of the combined set of homeodomain 
sequences. The secondary structure of Arc repressor, a small DNA- 
binding protein, was recently predicted by a similar method (8) and 
confirmed by nuclear magnetic resonance studies (37). 

The specific pattern of hydrophobic and hydrophilic residues in 
an amino acid sequence must limit die number of different structures 
a given sequence can adopt and may indeed define its overall fold. If 
this is true, then the arrangement of hydrophobic and hydrophilic 
residues should be a characteristic feature of a particular fold. Sweet 
and Eisenberg have shown that the correlation of the pattern of 
hydrophobicity between two protein sequences is a good criterion 
for their structural relatedness (38). In addition, several studies 
indicate that patterns of obligatory hydrophobic positions identified 
from aligned sequences are distinctive features of sequences that 
adopt the same structure (4, 29, 38, 39). Thus, the order of 
hydrophobic and hydrophilic residues in a sequence may actually be 
sufficient information to determine the basic folding pattern of a 
protein sequence. 

Although the pattern of sequence hydrophobicity may be a 
characteristic feature of a particular fold, it is not yet clear how such 
patterns could be used for prediction of structure de novo. It is 
important to understand how patterns in sequence space can be 
related to structures in conformation space. Lau and Dill have 
approached this problem by studying the properties of simple 
sequences composed only of H (hydrophobic) and P (polar) groups 
on two-dimensional lattices (40). An example of such a representa- 



tion is shown in Fig. 5. Residues adjacent in the sequence must 
occupy adjacent squares on the lattice, and two residues cannot 
occupy the same space. Free energies of particular conformations arc 
evaluated with a single term, an attraction of H groups. By 
considering chains of ten residues, an exhaustive conformational 
search for all 1024 possible sequences of H and P residues was 
possible. For longer sequences only a representative fraction of the 
allowed sequence or conformation space could be explored. The 
significant results were as follows: (i) not all sequences can fold into 
a "native" structure and only a few sequences form a unique native 
structure; (ii) the probability that a sequence will adopt a unique 
native structure increases with chain length; and (iii) the native 
states arc compact, contain a hydrophobic core surrounded by polar 
residues, and contain significant secondary structure. Although the 
gap between these two-dimensional simulations and three-dimen- 
sional structures is large, the use of simple rules and sequence 
representations yields results similar to those expected for real 
proteins. Three-dimensional lattice methods are also beginning to 
be developed and evaluated (41). 



Summary 

There is more information in a set of related sequences than in a 
single sequence. A number of practical applications arise from an 
analysis of the tolerance of residue positions to change. First, such 
information permits the evaluation of a residue's importance to the 
function and stability of a protein. This ability to identify the 
essential elements of a protein sequence may improve our under- 
standing of the determinants of protein folding and stability as well 
as protein function. Second, patterns of tolerance to amino acid 
substitutions of varying hydrophilicity can help to identify residues 
likely to be buried in a protein structure and those likely to occupy 



Fig. 4. Helical hydro- 
phobic moments calcu- 
lated by using (A) the 
Antennapedia homeodo- 
main sequence or (B) a 
set of 39 aligned homeo- 
domain sequences (35). 
The bars indicate the ex- 
tent of the helical re- 
gions identified in nucle- 
ar magnetic resonance 
studies of the Antenna- 
pedia homeodomain 
(36). To determine hy- 
drophobic moments, 
residues were assigned 
to one of three groups: 
HI (high hydrophobici- 
ty - Trp, He, The, Leu, 
Met, Val, or Cys); H2 
(medium hydrophobic- 
ity - Tyr, Pro, Ala, Thr, 
His, Gly, or Ser); and H3 (low hydrophobicity = Gin, Asn, Glu, Asp, Lys, 
or Arg). For the aligned homeodomain sequences, the residues at each 
position were sorted by their hydrophobicity by using the scale of Fauchcre 
and Pliska (45). Arg and Lys were not counted unless no other residue was 
found at the position, because they contain long aliphatic side chains and can 
thereby substitute for nonpolar residues at some buried sites. To account for 
possible sequence errors and rare exceptions, the most hydrophilic residue 
allowed at each position was discarded unless it was observed twice. The 
second most hydrophilic residue was then chosen to represent the hydropho- 
bicity of each position. An eight- residue window was used and the vectors 
projected radially every 100°. The vector magnitudes were assigned a value of 
1, 0, or -1 for positions where the hydrophobicity group was HI, H2, or 
H3, respectively. 
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Fig. 5. A representation of one com- 
pact conformation for a particular 
sequence of H and P residues on a 
two-dimensional square lattice. 
[Adapted from (40), with permis- 
sion of the American Chemical Soci- 
ety] 



surface positions. The amphipathic patterns that emerge can be used 
to identify probable regions of secondary structure. Third, incorpo- 
rating a knowledge of allowed substitutions can improve the ability 
to detect and align distantly related proteins because the essential 
residues can be given prorninence in the alignment scoring. 

As more sequences arc determined, it becomes increasingly likely 
that a protein of interest is a member of a family of related 
sequences. If this is not the case, it is now possible to use genetic 
methods to generate lists of allowed amino acid substitutions. 
Consequently, at least in the short term, it may not be necessary to 
solve the folding problem for individual protein sequences. Instead, 
information from sequence sets could be used. Perhaps by simplify- 
ing sequence space through the identification of key residues, and by 
simplifying conformation space as in the lattice methods, it will be 
possible to develop algorithms to generate a limited number of trial 
structures. These trial structures could then, in turn, be evaluated by 
further experiments and more sophisticated energy calculations. 
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Defective 7 Subunit of ATP Synthase (FtFq) from Escherichia coli 
Leads to Resistance to Aminoglycoside Antibiotics 
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A strain of Escherichia coli which was derived from a gentamicin-resistant clinical isolate was found to be 
cross-resistant to neomycin and streptomycin. The molecular nature of the genetic defect was found to be an 
insertion of two GC base pairs in the uncG gene of the mutant. The insertion led to the production of a 
truncated y subunit of 247 amino acids in length instead of the 286 amino acids that are present in the normal 
y subunit. A plasmid which carried the ATP synthase genes from the mutant produced resistance to 
aminoglycoside antibiotics when it was introduced into a strain with a chromosomal deletion of the ATP 
synthase genes. Removal of the genes coding for the p and e subunits abolished antibiotic resistance coded by 
the mutant plasmid* The relationship between antibiotic resistance and the 7 subunit was investigated by 
testing the antibiotic resistance of plasmids carrying various combinations of unc genes. The presence of genes 
for the F 0 portion of the ATP synthase in the presence or absence of genes for the y subunit was not sufficient 
to cause antibiotic resistance, a, p, and truncated y subunits were detected on washed membranes of the 
mutant by immunoblotting* The first 247 amino acid residues of the y subunit may be sufficient to allow its 
association with other F t subunits in such a way that the proton gate of F 0 is held open by the mutant F t . 



The proton-translocating ATPase is an enzyme which, in 
facultative anaerobes such as Escherichia coli, functions 
reversibly to synthesize ATP during aerobic growth or to 
generate proton motive force during anaerobic growth (10). 
The enzyme consists of an integral membrane portion, F 0 , 
and an attached catalytic portion, F l9 which may be disso- 
ciated from the membrane by washing it in a low-ionic- 
strength medium in the presence of EDTA. The F x portion of 
the enzyme consists of five subunits: a, p, 7, 8, and e. The 
F 0 portion consists of three subunits: a, 6, and c. Biochem- 
ical studies involving reconstitution of ATPase activity from 
isolated F 1 subunits have shown that the a and p subunits 
are primarily responsible for nucleotide binding and catalysis 
but do not associate to perform ATP hydrolysis unless the y 
subunit is also present (13). ATP synthesis is only observed 
when F A is bound to F 0 , which is inserted in closed mem- 
branes. Studies with plasmids lacking individual F x genes 
have shown that in vivo, a and p assemble to form a 
catalytically active partial F x only if the y subunit is also 
present (25). 

The genes for the ATP synthase polypeptides are located 
in a operon designated unc. The gene order is uncIBEF- 
HAGDCy coding for polypeptides /, a, c, 6, 8, a, 7, p, and e, 
respectively (11, 17). The i polypeptide is not known to be 
present in ATP synthase. Studies of a series of amber 
mutations in the uncG gene which result in truncated 7 
subunits of various lengths support results of biochemical 
studies which indicate that the 7 subunit is required for 
assembly of catalytically active F x (20, 31). 

An in-frame internal deletion of 21 nucleotides of the uncG 
gene in strain NR70 results in the absence of 7 amino acid 
residues near the N terminus of the 7 subunit (19). Ceils of 
strain NR70 are deficient in the transport of galactosides and 
amino acids, and membranes of this strain are leaky to 
protons (38). Immunological studies indicated that the a, p, 
and 7 subunits are absent from membranes and are absent or 
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much reduced in the cytoplasmic fraction of cell extracts of 
strain NR70 (27). Strain NR70 was initially selected by 
resistance to the antibiotic neomycin (38). Strain N I44 , which 
was also selected by resistance to the antibiotic neomycin, 
has a defect in the ATP synthase which has not been 
characterized at the level of the DNA sequence (i9). The 
resistance to neomycin in strains NR70 and N I44 has been 
hypothesized to be caused by a decreased ability to transport 
the antibiotic because of proton leak through F 0 (21, 38). 

Kauffer et al. (22) have studied strain AT753-26-28, a 
mutant that is defective in ATP synthase which was derived 
from a clinically isolated gentamicin-resistant strain of E. 
coli. Strain AT753-26-28 was found to lack ATPase activity. 
Membranes of strain AT75 3-26-28 did not exhibit strong 
succinate-dependent fluorescence quenching, indicating that 
the membranes were permeable to protons. Strain AT753- 
26-28 did not grow on nonfermentable carbon sources such 
as succinate. In the present report we (i) describe the genetic 
mapping and sequencing of the mutation in strain AT753- 
26-28, (ii) demonstrate that the cloned ATP synthase genes 
from strain AT753-26-28 are sufficient to confer antibiotic 
resistance on a strain lacking ATP synthase genes, and (iii) 
examine which combinations of individual ATP synthase 
subunits are required to confer an antibiotic-resistant phe- 
notype. 

MATERIALS AND METHODS 

Bacterial strains. The E. coli K-12 strains AT753 (w/ic + ) 
and AT753-26-28 (uncG270) were obtained from E. Schwarz 
and W. Piepersberg. The uncG270 mutation was initially 
observed in a gentamicin-resistant clinical isolate of E. coli 
(44). The clinical isolate failed to grow when it was supplied 
with nonfermentable carbon sources and was presumed to 
be defective in ATP synthase. The unc genes from the 
antibiotic-resistant strain, including the uncG270 mutation, 
were transferred to a K-12 strain by PI transduction to 
produce strain AT753-26-28 (22; E. Schwarz and W. Piepers- 
berg, unpublished data). The gentamicin-resistant phenotype 
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TABLE 1. Bacterial strains used in this study 


Strain 


Genotype 


Reference or comments 


AT7V1 


r ini-i uv'i urgn mcLOi lacii or iuc£st gui^j sir/xo supc/rt : 


LL 


AT753-26-28 


F~ uncC270 thi-1 argfi metBl lacYl or \acZ4 gal-6 strAB supE447 


22 


CK1703 


F" Mac V 169 araDU9 rpsL relA thi-1 


26 


CK1801 


F" buncB-C Mac U 169 araD139 rpsL relA thi-1 


26 


CK1803 


F" buncB-C Mac V 169 araD139 psL relA recA thi-1 


26 


DK6 


F~ MrncB-C rpsL hsdR minA minB purE pdxC his met 


23 


DL54 


unc lac 


41 


ML308-225 


lac 


41 


RH270 


F" uncG270 recAl srl::TnlO argH metBl lacYl or lacZ4 


This report; PI transduction of recA into AT753-26- 




supE441 gal-6 strAB thi-1 


28 


RH401 


HfrC uncG270 


This report; PI transduction 


RH402 


HfrPOl buncB-C recAl sH::TnlO thi-1 rel-1 thi-1 


Carol Kumamoto; derivative of strain 1100 


X1488 


F~ rpjL m/nA minB purE pdxC his ilv met 


23 


1100 


HfrPOl r/u-/ re/-/ bglR 


Laboratory stock 



was associated with the failure to grow on nonfermentable 
carbon sources; both were cotransducible with the ilv locus. 
Other bacterial strains used in this study are given in Table 
1. 

Plasmids. We use a prime symbol (e.g., a') to indicate a 
truncated polypeptide produced by a partial gene on a 
plasmid. We used y'~uncG270 to indicate the mutant 7 
subunit produced by a plasmid carrying the uncG270 muta- 
tion. 

A plasmid containing the uncG270 mutation was con- 
structed by Hfr- mediated chromosome mobilization (4, 26). 
This technique relies on the fact that the plasmid-borne 
chloramphenicol resistance can only be transferred in a 
mating if the plasmid carrying the resistance element has 
recombined with the chromosome of the Hfr prior to trans- 
fer. When transferred into a recombination-proficient recip- 
ient, in some cases, recombinational excision gives rise to a 
plasmid which has received the chromosomal mutation. 
pDJK37, which is 8.7 kilobases in length, was derived from 
plasmid pRPG54 (a, c, b t 5, a, 7, p, e; 12.8 kilobases), but 
contains a deletion extending from uncH into uncC. Strain 
RH401 (HfrC uncG270 streptomycin sensitive) was trans- 
formed with plasmid pDJK37 (a, c, b). RH401(pDJK37) was 
mated with strain CK1801 (F~ LuncB-C streptomycin resis- 
tant) with selection for chloramphenicol resistance and 
streptomycin resistance. A plasmid DNA preparation was 
made from the pooled exconjugants which were resistant to 
both chloramphenicol and streptomycin. A recombinant 
plasmid that received the mutation contained the uncB 
through uncC genes and was 12.8 kilobases in length. Uncut 
plasmid DNA was electrophoresed in a 0.8% agarose gel, 
with plasmids pRPG54 and pDJK37 used as standards. The 
region of the gel corresponding in size to pRPG54 was 
excised, crushed, and soaked in 10 mM Tris hydrochloride 
(pH 7.8>-l mM EDTA. The eluate was used to transform 
strain CK1803 (AuncBC recA). Transformants were purified 
and plasmid DNA was prepared. Plasmid DNA preparations 
were digested with £coRI and subjected to agarose gel 
electrophoresis. Of 12 plasmids tested, 4 had a restriction 
pattern identical to that of pRPG54 (a, c, b f 8, a, 7, p, e) 
rather than to that of the starting plasmid pDJK37 (a, c, b). 
These four plasmids were assumed to have received the 
uncG270 mutation by recombination. All four isolates had 
identical properties. Plasmid pRAH4 (a, c t b f 8, a, 7'- 
uncG270 t p, e) is further characterized in this report. A 
BanU site that was present in the uncD gene of pRPG54 was 
found to be absent in pRAH4. The uncD gene does not 
determine antibiotic resistance, which is the topic of this 
report (see below). 



Plasmid pRAH2 was produced by digesting pDJK2 with 
Ms til and Stul to remove a 506-base-pair fragment extending 
into the uncG gene by using the large fragment of DNA 
polymerase I to fill the ends with nucleotide triphosphates 
and by ligating the blunt ends. Plasmid pRAH5 was pro- 
duced by isolating the Mstll-EcoKl fragment that makes up 
the uncG gene from plasmid pDJK2 and inserting this 
fragment into pUC19 that was digested with EcoRl and 
Hindlll. Plasmid pRAH6 was produced by digesting plasmid 
pRAH4 with Eag\ to remove DNA extending from 997 base 
pairs into the uncD gene into the plasmid vector, followed by 
religation of the ends. The resulting plasmid lacked two- 
thirds of the uncD and all of the uncC genes. 

Other plasmids have been described previously and are 
given in Table 2. 

Media. LB plates contained 10 g of tryptone, 5 g of yeast 
extract, 5 g of NaCl, and 15 g of agar per liter. 

Genetic experiments. Genetic complementation experi- 
ments done with plasmids carrying the genes of the unc 
operon were performed as described previously (18). 
Growth on minimal succinate medium was scored after the 
introduction of various plasmids into strain RH270 (uncG270 
recA), which is a derivative of AT753-26-28. 

TABLE 2. Plasmids used in this study 



Plasmid ATP synthase polypeptides" 



Antibiotic 
resistance 



Source or 
reference 



pDJKl 


a', 7 


Ap 


24 


pDJK2 


8, a, 7 


Ap 


24 


pDJK9 


a, c, b f 6, a', 7, p, e 


Cm 


25 


pDJK19 


0, c t 6, a' 


Cm 


2 


pDJK20 


o t c, b 


Cm 


2 


pDJK22 


fl, c, b, 8, a t 7', p, e 


Cm 


25 


pDJK23 


a, c, 6, 8, a, p, e 


Cm 


25 


pDJK37 


a, c, b 


Cm 


D. Klionsky 








and R. Simoni 


pRAH2 


8, a 


Ap 


This report 


pRAH4 


o, c, 6, 8, a, y'-uncG270> 


Cm 


This report 


pRAH5 


P» e 
y'-uncG270 


Ap 


This report 


pRAH6 


a, c, b f h, a, y'-uncG270 f 


Cm 


This report 


pRPG23 


P' 

a f c, b f 8, a, 7' 


Ap 


17 


pRPG54 


a, c, b, 8, a, 7, p, e 


Cm 


17 


pRPG55 


P' 


Tc 


17 


pWSB2 


P' 


Cm 


17 


pWSB7 


y 


Ap 


18 



° The unc gene products produced by each plasmid are indicated. Many 
plasmids cany small portions of unc DNA adjacent to the genes coding for the 
subunits listed as being produced. 
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Other genetic techniques were done by standard methods 
(28, 32). 

Antibiotic resistance. For experiments in which sensitivity 
to gentamicin and neomycin was tested, colonies were 
patched onto an LB plate, in some cases with 30 \ng of 
chloramphenicol per ml or 100 u,g of ampicillin per ml to 
select for retention of plasmids. After 1 day the plate was 
replicated onto LB plates with the indicated amount of 
gentamicin sulfate or neomycin sulfate. Growth was scored 
after 2 to 3 days of incubation at 37°C. For most experi- 
ments, the pH of the medium was adjusted to 7.5. The 
highest concentration of antibiotic at which substantial 
growth occurred was taken as the level of antibiotic resis- 
tance. 

Determination of plasmid-coded gene products in vivo. The 
plasmid-coded gene products of plasmids pRPG54 (a, c, b, 8, 
a, 7, p, e) and pRAH4 (a, c, b t 8, a, y'-uncG270 y (3, e) were 
measured in the minicell strain DK6 (23). Minicells were 
produced from strain DK6, which carried the plasmid, and 
synthesis products were measured by labeling the minicells 
with [ 33 S]methionine as described previously (37). The pro- 
teins synthesized by minicells were fractionated by electro- 
phoresis on a 13% sodium dodecyl sulfate (SDS)-polyacryl- 
amide gel and detected by autoradiography. 

Immunoblots. In experiments in which immunoblotting 
was used to detect the a, (J, and y subunits in extracts and 
membranes, cultures of AT753(pRPG54) and AT753-26- 
28(pRAH4) were grown to an optical density of 1.0 to 1.2 at 
600 nm. Cells were washed and suspended in 5 ml of HM 
buffer (HM buffer consisted of 50 mM HEPES [N-2-hydrox- 
yethylpiperazine-N'-2-ethanesulfonic acid; pH 7.5], 10 mM 
MgS0 4 , 20 mM benzamidine, 20 mM e-amino caproic acid, 
20 mM dithiothreitol, 100 jiM phenylmethylsulfonyl fluo- 
ride). The cells were broken in a French pressure cell at 
14,000 lb/in 2 . The suspension was centrifuged to 5 min at 
3,000 x g to remove unbroken cells and debris. The super- 
natant was removed and centrifuged for 60 min at 100,000 x 
g. The supernatant from this step was saved and is termed 
the soluble extract. The membranes were suspended in 5 ml 
of HM buffer and centrifuged again for 60 min at 100,000 x 
g. The pelleted membranes were suspended in 2 ml of HM 
buffer to produce washed membranes. Fractions were frozen 
at -20°C for later use. Samples were loaded onto a 10% 
SDS-polyacrylamide gel and run for about 18 h at 25 mA. 
The blotting procedure was essentially that of Dunn (12), 
which was found to promote detection of the y subunit. The 
gel was soaked in 25 mM Tris hydrochloride (pH 7.4>-20% 
glycerol for 30 min. The gel was rinsed briefly in 10 mM 
NaHC0 3 -3 mM Na 2 CO 3 -20% methanol (pH 9.9) and trans- 
ferred to a nitrocellulose sheet with an electrophoretic 
transfer apparatus (Novablot; LKB Instruments, Inc., Rock- 
ville, Md.) with a current of 0.8 mA/cm 2 for 4 h. The 
nitrocellulose sheet was washed for 5 h in 10 mM Tris 
hydrochloride (pH 7.4M mM EDTA-0.2% (vol/vol) Tween 
20-0.3% bovine serum albumin (TETB buffer). Antisera 
directed against the isolated a, p, and 7 subunits were added 
at dilutions of 1:10,000, 1:10,000, and 1:1,000, respectively. 
Antisera directed against a and p subunits were used at 
higher dilutions than the anti-7 serum in order to make the 
intensities of the bands comparable. The nitrocellulose was 
incubated for 12 h at 4°C in the presence of the antisera and 
washed for 1 h at room temperature with buffer without 
bovine serum albumin. Goat anti-rabbit antiserum conju- 
gated to horseradish peroxidase was then incubated with the 
blot for 2 h in TETB buffer. The nitrocellulose was washed 
for 2 h with buffer without bovine serum albumin. The 



presence of bound horseradish peroxidase was visualized 
with o-anisidine (500 u,g/ml) and hydrogen peroxide (30 
u.g/ml) in 10 mM Tris hydrochloride (pH 7.4). 

Measurement of membrane energization by fluorescence 
quenching. Fluorescence quenching experiments were done 
essentially as described previously (2). Membranes (0.4 mg 
of protein) were suspended in HM buffer were added to 2 ml 
of assay buffer, which contained 50 mM MOPS (morpholine- 
propanesulfonic acid; pH 7.3) and 10 mM MgS0 4 . 9-Amino- 
6-chloro-2-methoxyacridine was used at 1 p,M, NADH at 0.5 
mM, KCN at 1.5 mM, and ATP at 1 mM. For tests of the 
effect of N,AT-dicyclohexylcarbodiimide (DCCD), 50 \xM 
DCCD was incubated with membranes for 10 min at 37°C in 
100 |xl of assay buffer, which were then diluted to 2 ml and 
assayed for fluorescence quenching. 

Proline transport. Proline transport in whole cells was 
measured as described by Simoni and Shallenberger (41). 
Cells grown in minimal medium were washed twice with 
minimal salts and suspended in minimal salts. Cells with 0.4 
mg of cell protein were added to 5 ml of minimal salts with 
0.2% glucose. After a 5-min preincubation, [ u C]proline was 
added to 25 jjlM. Portions of 1 ml were removed at the 
indicated times, rapidly Altered, and washed once with 
minimal salts. The amount of [ l4 C]proline uptake was mea- 
sured, with correction for the amount of uptake at time zero. 

RESULTS 

Genetic complementation experiments show that the muta- 
tion in strain AT753-26-28 is In the uncG gene. Nonsense or 
mis sense mutations in each of the genes coding for the 
subunits that are known to be present in purified ATP 
synthase have been isolated which lead to the loss of ATP 
synthase function and the inability to use nonfermentable 
carbon sources (10, 11, 18). The introduction of normal 
copies of these genes on F' factors (10), amplifiable plasmids 
(18), or specialized lambda transducing phage (34) can effect 
genetic complementation of unc point mutations. We exam- 
ined the growth of strain RH270 (uncG270 recA) on minimal 
succinate medium when plasmids with combinations of unc 
genes were introduced by transformation (18). Complemen- 
tation of RH270 was observed when plasmids pDJK2 (8, ot, 
y) and pDJK9 (a, c, 6, 8, a', 7, p, e) or other plasmids 
carrying a normal uncG gene but lacking other single unc 
genes were present individually. Weak complementation 
was observed when pDJKl(a\ 7) or pWSB7 (7) was present. 
No complementation of RH270 was observed when it was 
transformed with plasmid pDJK23 (a, c, b f 5, a, 0, e), which 
carried a defect in the uncG gene, or with other plasmids, 
which did not carry the uncG gene. These results indicate 
that strain RH270 (uncG270 recA) contains a mutation in the 
uncG gene. 

Recombination experiments map the mutation to a portion 
of the uncG gene. To map the uncG270 mutation within the 
uncG gene, recombination experiments with plasmids con- 
taining portions of the uncG gene were performed. The 
portion of the uncG gene carried by each of these plasmids is 
shown in Fig. 1. Strain AT753-26-28 (uncG270) was trans- 
formed with plasmids pRPG23, pRPG55, pWSB2, and 
pRAH2. Transformant cultures were examined for the pres- 
ence of unc* recombinants by scoring which plasmid -strain 
combinations produced colonies on minimal succinate 
plates. Plasmids pWSB2 and pRAH2 produced unc* recom- 
binants when they were introduced into strain AT753-26-28. 
No unc* recombinants were observed when plasmids 
pRPG23 and pRPG55 were introduced. The only portion of 
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PRP623 



pRPG55 



pWSB2 



TABLE 3. Antibiotic resistance of strains and strain-plasmid 
combinations 



pRAH2 



uncA-O 



J X, 



_JJ LJ_ 



I 1 uncG-y 



i SI 
I ,,V 



i 



II «nco-fl 



4000 



4500 



5000 



5500 



FIG. 1. Plasmids used in recombination mapping of the uncG270 
mutation. The amount of DNA in the region of uncG carried by each 
pi as mid is indicated by the solid lines. The wavy line connecting the 
ends of pRAH2 indicates the region of DNA which was deleted from 
this plasmid. The restriction sites in the vicinity of tincG at which 
the plasmids terminated are indicated above the double lines, 
indicating the portion of DNA occupied by the imcA, uncG, and 
uncD genes. The numbers below indicate the distance from the unc 
promoter. 



the unc operon present in plasmids pWSB2 and pRAH2, but 
absent in plasmids pRPG23 and pRPG55, was between the 
//mdlll and Pstl sites in the uncG gene. The uncG270 
mutation must therefore lie in this region. 

Construction of a plasmid carrying the ATP synthase genes. 
The uncG270 mutation was moved from the chromosome to 
a plasmid by Hfr-mediated chromosome mobilization as 
described above. The plasmid pRAH4 (a, c, b* 8, a, 7'- 
uncG270 t p, e) contains the mutant copy of the uncG gene 
and, in addition, normal copies of the other structural genes 
of the unc operon except unci. This plasmid coded for the 
production of a truncated 7 subunit (see below). An analo- 
gous plasmid containing normal copies of the eight unc 
structural genes, plasmid pRPG54 (a, c, b, 8, a, 7, p, e), has 
been described previously (15) and was used as a control in 
many experiments. Plasmid pRPG54 has recently been 
shown to have an alteration in the ribosome-binding site at 
the start of the uncE gene (42). This change reduces expres- 
sion of the c subunit and appears to result in some increase 
in proton permeability and reduction of the efficiency of 
coupling of a transmembrane proton gradient to ATP syn- 
thesis. When introduced into a strain with point mutations or 
a deletion of the chromosomal unc genes, pRPG54 comple- 
mented the mutations to allow growth on nonfermentable 
carbon sources. The specific activity of the ATPase associ- 
ated with membranes prepared from strains with chromo- 
somal unc deletions harboring pRPG54 was nearly identical 
to that of ATPase associated with membranes from strains 
with normal chromosomal unc genes. ATP synthase from 
these membranes effectively energizes them in a fluores- 
cence quenching assay. We do not know whether pRAH4 
has the wild-type ribosome-binding site preceding uncE or 
whether it is identical to pRPG54. In contrast to pRPG54, 
pRAH4 (a. c, b y 8, a, y'-uncG270, p, e) did not complement 
a strain with a deletion of the unc structural genes. 

The plasmid carrying the uncG270 mutation conferred 
antibiotic resistance on an unc deletion strain. The sensitivity 
to the antibiotic gentamicin of a wild-type strain, 1100, and a 
strain carrying a chromosomal deletion of the uncB through 
uncC genes, RH402, is shown in Table 3. Various plasmids 
were introduced into strain RH402, and the level of genta- 
micin resistance was determined. Resistance to gentamicin 
was found to be strongly pH dependent, as has been shown 
previously with Staphylococcus aureus (29). We focused on 
the gentamicin concentration, which was limiting for growth 
at pH 7.5, because this provided a sensitive measure of 
differences between strains. The strain carrying the chromo- 



Strain and plasmid 



Resistance to 
gentamicin sulfate 
(tLg/ml) at: 

pH 7.5 pH 6.0 



AT753 {unc*) 




0.5 


10 


AT753-26-28 (uncG270) 




14 


>18" 


1100 (unc + ) 




0.5 


12 


RH402 {LuncBC recA) 




0.2 


1 


RH402 (pRAH4) {a, c. b, 8, a, 


y'-uncG270, P, e) 


5 


>8 U 


RH402 (pRPG54) (a. t , b. 8, a, 


7. P. *) 


0.2 


4 


RH402 (pRAH5) (y'-uncG270) 




0.2 


1 


RH402 (pDJK19) (a, < , b. a') 




0.2 


1 


RH402 (pDJK20) [a, <\ b) 




0.2 


1 


RH402 (pDJK22) (a, r, b, 8, a, 


7'. P. e) 


0.2 


1 


RH402 (pRAH6) («. c. b. 8, a. 


y''UncG270, P') 


<0.5* 


ND r 



" Higher levels were not tested for this strain or strain-plasmid combina* 

ion. 

h Lower levels were not tested with this plasmid-strain combination. 
' ND. Not determined. 



somal uncB-C deletion alone was much more sensitive to 
gentamicin in the absence of a plasmid than was the corre- 
sponding isogenic wild-type strain. When pRAH4 (a, c, b, 8, 

a, y'-uncG270* p, e) was introduced into an unc* strain, 
little change in gentamicin resistance was observed. When 
pRAH4 (a, c, />, 8, a, y'~uncG270> p, e) was introduced into 
an uncB-C deletion strain, a substantial increase in the level 
of gentamicin resistance was observed; the resistance was 
greater than that of the wild-type strain. In all cases the level 
of gentamicin resistance conferred by plasmid pRAH4 (0, c, 

b, 8, ot, y'~uncG270, p, e) was less than the level of 
gentamicin resistance exhibited by strain AT753-26-28 
{uncG270) % which carries the uncG270 mutation in the chro- 
mosome. 

The hypersensitivity to gentamicin observed with strain 
RH402 (&uncB-C recA) was not unique to this strain. Two 
other pairs of otherwise isogenic unc * and &uncB-C strains 
(X1488 and DK6, and CK1703 and CK1803) were tested for 
gentamicin sensitivity in the presence and absence of 
pRAH4 (a, c\ b f 8, a, y'-unvG270* p, e) (data not shown). In 
each case, the uncB-C deletion strain was hypersensitive to 
antibiotics compared with the wild-type strain. The addition 
of pRAH4 resulted in an increase in gentamicin resistance to 
a level well above that observed with the wild-type strain. 
Introduction of pRPG54 (</, c\ b y 8, a, 7, p, e) into the 
&uncB-C strain increased the level of gentamicin resistance 
to a level near that of the wild-type strain, but lower than 
that observed on introduction of pRAH4 (<i, c, b y 8, a, 
y''UncG270 y p, e). 

Other plasmids carrying portions of the unc operon did not 
confer gentamicin resistance. A large number of plasmids 
derived from pRPG54 (a, t\ />, 5, a, 7, p, e) with mutations 
in specific unc genes, resulting in the absence of individual 
ATP synthase polypeptides, were tested for their ability to 
confer antibiotic resistance when they were introduced into 
chromosomal ly unc* or unc deletion strains. Some of these 
results are given in Table 3. These plasmids did not increase 
antibiotic resistance over the intrinsic level exhibited by 
RH402 {kuncB-C recA). Aris et al. (2) showed that func- 
tional F 0 is produced by plasmids DJK19 (a, c, 6, a') and 
DJK20 (a, c, b). If antibiotic resistance was simply caused 
by the presence of F n subunits, the level of antibiotic 
resistance might be expected to increase when these plas- 
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mids were added. Introduction of pDJK19 and pDJK20 did 
not lead to increased antibiotic resistance. 

We also examined whether the absence of the 7 subunit 
was sufficient to produce resistance to gentamicin. Plasmid 
pDJK22 (a, c, b % 8, a, y\ 0, e) is a plasmid that is derived 
from pRPG54, which codes for a partial gamma subunit with 
an apparent molecular weight of 18,500, in addition to the 
other seven genes of the ATP synthase (25). Introduction of 
this plasmid into RH402 (&uncB-C recA) did not cause 
resistance to gentamicin. In other experiments (data not 
shown in Table 3) we examined plasmids that were missing 
various unc genes. In no case was gentamicin resistance 
conferred by these plasmids. The conferral of gentamicin 
resistance is thus a specific effect that is caused by only a few 
mutations rather than a general effect that is caused by the 
absence of F, polypeptides. A derivative of pRAH4 lacking 
portions of the uncD gene and all of the uncC gene was 
created as described in Table 2. This truncated derivative of 
pRAH4, designated pRAH6 (0, c, b> 8, a, y'-uncG270, P'), 
did not confer gentamicin resistance when it was introduced 
into strains containing the uncB-C deletion, indicating that 
the presence of the p subunit, the e subunit, or both is 
required for a gentamicin-resistant phenotype. 

A second mutation in the genes coding for the p or e 
subunits is not responsible for the gentamicin-resistant pheno- 
type. The fact that removal of the uncD (p) and uncC (e) 
genes from pRAH4 eliminated the antibiotic-resistant phe- 
notype suggested the possibility that there might be a second 
mutation that is responsible for gentamicin resistance 
present in this region. In order to demonstrate that this was 
not the case, a cloning procedure was performed in which 
the portion of the unc operon coding for the p and e subunits 
was exchanged between plasmids pRPG54 and pRAH4. 
Plasmids pRFG54 and pRAH4 were digested to completion 
with Nsil, and then they were partially digested with EcoRl. 
A large fragment of each plasmid encompassing the chlor- 
amphenicol acety (transferase and the genes coding for the a, 
c, 6, 8, a, and 7 subunits and a second smaller fragment of 
each plasmid making up most of the genes for the p subunit 
and the entire gene for the e subunit were isolated. The large 
fragment of pRAH4 was ligated to the small fragment of 
pRPG54 to recreate an entire unc operon. When it was 
transformed into a strain with a chromosomal uncB-C dele- 
tion, the plasmid conferred gentamicin resistance but did not 
allow growth on succinate. When the large fragment of 
pRPG54 was ligated together with the small fragment of 
pRAH4 and transformed into a chromosomal uncB-C dele- 
tion strain, the strain did not become gentamicin resistant, 
but complementation of the deletion to allow growth on 
succinate was observed. This exchange experiment demon- 
strates that there are no defective p or e subunits coded by 
pRAH4 which are primary determinants of the antibiotic- 
resistant phenotype. 

In the complementation and recombination experiments 
described above we mapped the mutation that causes strain 
AT753-26-28 to fail to grow on minimal succinate medium. In 
order to provide additional evidence that the mutation 
causing gentamicin resistance maps close to or is identical 
with the mutation that causes the failure to utilize succinate, 
a PI transduction procedure was performed with PI vir 
grown on strain AT753-26-28 (Ilv + Gm r Sue") as the donor 
and strain AT753 (Ilv" Gm s Suc + ) as the recipient. Ilv + and 
II v refer to the ability and inability, respectively, to syn- 
thesize isoleucine and valine, Gm r and Gm s refer to resis- 
tance and sensitivity to gentamicin, respectively, and Sue* 
and Suc~ indicate the ability and inability, respectively, to 



Amino acid residue * 243 244 245 246 247 248 

ONA sequence CGTATG GTG GCGATG AAA.... unc 4 sequence 

Amino add sequence Arg Mel VaJ Ala Met Lys.... 

DMA sequence — CGTATG GGG TGG CGA TGA™. uncG270 sequence 

Amino add sequence ™._Arg Met Gty Trp Arg End— 

FIG. 2. Nucleotide changes detected in the uncG270 mutant 
gene. The sequence of a portion of the wild-type uncG gene and of 
strains carrying the uncG270 mutation together with the predicted 
amino acid changes in the y subunit are shown. The two guanosine 
residues inserted in the uncG270 mutant gene are shown in boldface 
type. 

use sodium succinate as the sole carbon and energy source. 
Of 88 Ilv + transformants tested, 14 were found to be Gm s 
Suc + , while 74 were found to be Gm r Sue". No transfor- 
mants that were Gm s Sue" or Gm r Suc + were found. If the 
phenotype of gentamicin resistance was caused by a muta- 
tion that was distant from the mutation, causing a failure to 
utilize succinate, recombi national separation of Gm r from 
Sue" should have been observed. 

Strain AT753-26-28 was resistant to neomycin and strepto- 
mycin. Other workers previously characterized several unc 
mutations that were selected on the basis of resistance to the 
antibiotic neomycin (21, 38). When AT753-26-28 (uncG270) 
was tested for resistance to the antibiotic neomycin, it was 
found to survive on plates containing -60 u,g of neomycin 
per ml. The parental strain AT753 was killed by less than 40 
fig of neomycin per ml. AT753-26-28 was also somewhat 
more resistant to streptomycin than AT753. 

Strain DL54, known to have proton-permeable membranes, 
was found to be resistant to gentamicin. Previous studies 
indicated that antibiotic resistance is usually observed only 
in unc mutants if a strain was initially selected as antibiotic 
resistant (R. Humbert, unpublished data). Antibiotic resis- 
tance also was observed to be associated with proton per- 
meability of membranes of whole cells. It was of interest to 
determine whether a strain that was not initially selected for 
antibiotic resistance and whose cells were proton permeable 
exhibited resistance to antibiotics. Strain DL54 is a strain 
which was previously shown to lack ATPase activity (41), is 
defective for active transport in whole cells (41) and mem- 
brane vesicles (1, 41), and whose membranes are permeable 
to protons (1). Tests of gentamicin resistance of DL54 
indicated that this strain was resistant to greater than 5 ^g/ml 
while the parental strain ML308-225 was resistant to only 2 
M-g/ml. 

The molecular nature of the uncG270 mutation was found to 
be an insertion of 2 GC base pairs. The sequence of a segment 
of the uncG gene extending from the Stu\ site of the Pstl site 
of uncG from plasmids pRAH4 (a, c, b f 8, a, y'-uncG270> p, 
e) and pRPG54 (a, c, b, 8, a, 7, p, e) was determined by the 
dideoxy method (39). The only difference between the 
wild-type and uncG270 sequences was an insertion of 2 GC 
base pairs following nucleotide 734 of the uncG gene. The 
DNA sequence of the uncG gene in the vicinity of the 
mutation and the predicted changes in the amino acid 
sequence of the y subunit are shown in Fig. 2. The insertion 
of 2 GC base pairs was predicted to cause a nonsense triplet 
to appear at amino acid position 248. 

Synthesis of a truncated y subunit was observed In mini- 
cells. In order to determine which ATP synthase polypep- 
tides were synthesized from the plasmids in vivo, minicells 
of strain DK6 harboring plasmids pRPG54 (a, c, b, 8, a, y, p, 
e) or pRAH4 (a, c, b t 8, a, y'-uncG270, p, e) were incubated 
in medium containing [ 33 S]methionine, and the resulting 
plasmid-coded synthesis products were detected by SDS- 
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FIG. 3. Autoradiogram of SDS-polyacrylamide gel of [ 33 S]meth- 
ioninc-labclcd minicell synthesis reactions. Lane 1* DK6(pRPG54) 
(a, c, b, 8, a, 7, p, e); lane 2, DK6(pRAH4) (a, c, b, 5, a, 
y t ~uncG270 % p, e). The locations of the eight ATP synthase subunits 
are as indicated on the figure. The 25,000- (25 K) and 24,000- 
molecular-weight (24K) proteins specifically synthesized from plas- 
mid pRAH4 are also indicated. 

polyacrylamide gel electrophoresis (Fig. 3). The minicell 
strain used, DK6, contained a deletion extending from uncB 
into uncC t ensuring that only plasmid-coded genes contrib- 
uted to the ATP synthase products that were observed. 
Examination of the synthesis products of DK6(pRPG54) (a, 
c, 6, 8, a, 7, p, e) indicated that the expected eight ATP 
synthase subunits and chloramphenicol acetyltransferase 
were synthesized. The a subunit and chloramphenicol ace* 
tyltransferase comigrated in the gel system used for the 
experiment for which the results are shown in Fig. 3, but 
they were separated in other experiments (data not shown). 
The uncG270 mutation was predicted to result in a truncated 
7 subunit of 247 amino acids with a molecular weight of 
27,400. The normal size 7 subunit was missing in minicells of 
strain DK6(pRAH4) (a, c, b f 8, a, y'-uncG270, p, e), but 
there were two bands with apparent molecular weights of 
approximately 25,000 and 24,000 which were not synthe- 
sized by minicells containing pRPG54 (a, c, b, 8, a, 7, p, e). 
The relative amounts of the two bands differed depending on 
the preparation and length of time the sample was stored 
before electrophoresis; therefore, the band with a lower 
molecular weight may be a proteolysis product of the larger 
band of the doublet. 

The truncated 7 subunit reacted with anti-7 antiserum on 
an imraunoblot. Washed membranes and soluble extract 
from strains AT753(pRPG54), AT753-26-28(pRAH4), and 
RH402 (buncB-C recA) were subjected to SDS-polyacryl- 
amide gel electrophoresis, the separated proteins were trans- 
ferred to a sheet of nitrocellulose, and the sheet was probed 
with antisera directed against the a, p, and 7 subunits of 
wild-type F x ATPase. The presence of the a, p, and 7 
subunits could be detected in blots of purified F, ATPase 
(Fig. 4, lanes 1 and 8) and in membranes (Fig. 4, lane 4) and 
extract (Fig. 4, lane 7) of strain AT753(pRPG54), producing 
the wild-type 7 subunit. A number of nonspecific or cross- 




FIG. 4. Immunoblot of fractions from RH402(pRPG54) (a, c, b, 
8, a, 7, P, e), RH402(pRAH4) («, <\ b, 8, a, y'-uncG270, p. e), and 
RH402 {buncB-C recA). Lane 1, Purified F t ; lane 2, RH402 mem- 
branes; lane 3, RH402(pRAH4) membranes; lane 4, RH402 
(pRPG54) membranes; lane 5, RH402 soluble extract; lane 6, RH402 
(pRAH4) soluble extract; lane 7, RH402(pRPG54) soluble extract; 
lane 8. purified F v Blots were reacted with antisera specific for the 
a, p, and 7 subunits (25 K and 24K indicate the 25,000- and 
24,000-molecular- weight proteins, respectively). 



reacting bands were detected in extract (Fig. 4, lane 5) and 
membranes (Fig. 4, lane 2) of the strain deleted for ATP 
synthase genes. In the strain with uncG270 on both the 
plasmid and the chromosome, two bands in the samples of 
soluble extract (Fig. 4, lane 6) with approximate molecular 
weights of 25,000 and 24,000 were found to react specifically 
with the antisera. In membranes of the uncG270 strain (Fig. 
4, lane 3), the band with a molecular weight of 25,000 was 
detected, but the presence of the band with a molecular 
weight of 24,000 was difficult to assess because a band was 
seen in the membranes of the LuncBC deletion strain at the 
position at which this band would be expected. The molec- 
ular weights of these fragments matched those specifically 
synthesized by minicells harboring the plasmid carrying the 
uncG270 mutation and appeared to be the mutant 7 subunit. 
The a and p subunits were detected in both membranes and 
the soluble extract of the strain with the uncG270 mutation. 
Relatively more a, p, and 7 subunits were found in the 
soluble extract than in the washed membranes of the 
uncG270 mutant strain; however, the detection of the a, p, 
and 7 subunits after the membranes were washed suggests 
that these subunits are associated with the membrane in 
vivo. The presence of F x subunits in the extract of the 
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TABLE 4. Fluorescence quenching by unwashed membranes 



% Quenching by: 



Strain 




NADH 


NADH + DCCD 


ATP 


Fl + ATP 


1100 {unc*) 




74 


76 


31 




RH402 (£mncB-C recA) 




78 


77 


0 


1 


RH402(pRPG54) (a, c, b f 8, 0, 


7, P. e) 


82 


81 


33 




RH402(pRAH4) (a, c, b, 8, a, 


y'-uncG270, p, e) 


69 


85 


0 


22 


RH402(pDJK19) (a, c, b, a') 




80 


81 


0 


7 


RH402(pDJK22) (a, c, b, 8, a, 


7'» 0* s) 


66 


79 


1 


14 



wild-type strain may be partially due to contamination of the 
soluble extract by membranes. 

Fluorescence quenching experiments indicated that mem- 
branes of strains with the gentamidn resistance-conferring 
plasmid were somewhat permeable to protons. Fluorescence 
quenching by membrane preparations was measured for 
several plasmids (Table 4). Unstripped membranes of RH402 
(Au/icB-C recA)(pRAH4) (a, c, b, 8, a, y'-uncG270, 0, e) had 
reduced NADH-driven quenching compared with those of 
1100 or RH402 (Ai/ncB-C recA)(pRPG54) (a, c, b, 0, a, 7, 0, 
e). The NADH-driven quenching of RH402 (kuncB-C 
recA)(pDJK22) (a, c, b, 8, a, 7', 0, e) and RH402(A«/icfl-C 
recA)(pDJK19) (a, c, b, a') was similar to quenching ob- 
tained with RH402(A«*c£-C recA)(pRAH4). 

Strain AT753-26-28 is defective in the transport of proline. 
The hypothesized mechanism for resistance to antibiotics of 
mutants defective in ATP synthase is failure to transport the 
antibiotic because of proton leak through F 0 . Studies by 
Kauffer et al. (22) previously showed that strain AT753-26-28 
(uncG270) has membranes that are leaky to protons when 
tested by the fluorescence quenching assay. In order to 
provide evidence that the proton leak measured in vitro 
reflected a proton leak in vivo, the transport of proline into 
whole cells of strains AT753 (w/ic + ) and AT753-26-28 
(uncG270) was measured (Fig. 5). It is apparent that the rate 
of proline transport was reduced in AT753-26-28 compared 
with that in the wild-type strain AT753. The experiment for 
which the results are shown in Fig. 5 was performed at pH 
7.5. Transport experiments which are not shown indicated 
that transport by the mutant was also reduced compared 
with that by the wild-type strain when the transport was 
performed at pH 6.0. Results of these experiments are 
consistent with a proton leak being present in strain AT753- 
26-28 {uncG270) in vivo. 




2 3 4 5 6 
Minutes 

FIG. 5. Proline uptake by whole cells of AT753 (unc*) (•) and 
AT753-26-28 (uncG270) (O). 



DISCUSSION 

The uptake of antibiotics into E. coli appears to be a 
complex process which may involve an initial binding of the 
antibiotic to the membrane, a second phase that requires 
protein synthesis, and a third phase of rapid antibiotic 
accumulation (7, 43). Unlike most known transport systems, 
aminoglycoside uptake is apparently not a saturable process. 
In common with other active transport processes, uptake of 
gentamicin and streptomycin into E. coli and Pseudomonas 
aeruginosa has been shown to be inhibited by inhibitors of 
electron transport and oxidative phosphorylation (7). Ac- 
cording to the chemiosmotic hypothesis of Mitchell (33), the 
proton motive force energizing the membrane, A^ H +, is 
made up of the pH gradient across the membrane (ApH) 
multiplied by a factor, 2, plus the membrane potential, AvJ>. 
These have been measured in E. coli, and it has been 
concluded that some transport systems are driven primarily 
by A*|/ while others are driven primarily by ApH (36). Studies 
of gentamicin uptake in S. aureus (29) have indicated that in 
this species gentamicin uptake is specifically dependent on 
the Atji component of the proton motive force and that there 
is a threshold value of Ai|/ below which little uptake of 
antibiotic occurs (8, 29). At pH 7.5, A\p contributes virtually 
all of the proton motive force, and ApH contributes very 
little. At pH 7.5 cells are quite sensitive to killing by 
gentamicin. At pH 5.0 the proton motive force has a sub- 
stantial contribution from ApH, At|r is much reduced, and 
cells of 5. aureus are relatively insensitive to gentamicin. 
Anaerobic cells of 5. aureus are resistant to higher concen- 
trations of antibiotic than are aerobic cells at the same pH; 
this is in accordance with the observation that Ai|/ is also 
reduced in anaerobic cells compared with that in aerobic 
cells (30). 

It has been proposed that the neomycin resistance ob- 
served in some unc mutants of E. coli is due to a failure to 
concentrate the antibiotic (21). In support of this model, 
studies of the neomycin-resistant uncG mutant strain NR70 
have correlated defects in amino acid and sugar transport 
with proton permeability of isolated membranes and whole 
cells (38). In contrast to the neomycin-resistant phenotype 
exhibited by strain NR70, uncA401 and uncB402 mutants 
were found to be hypersensitive to the antibiotic streptomy- 
cin (35). It was shown that this hypersensitivity is associated 
with an increased rate of uptake of the antibiotic by mutant 
cells. Sensitivity to streptomycin was successfully used to 
screen for mutants that were defective in the ATP synthase 
(35). 

In our studies we have shown that strain AT753-26-28, 
which was previously reported to be resistant to the antibi- 
otic gentamicin, is also resistant to neomycin. We found that 
a strain with a deletion of the unc genes was hypersensitive 
to these antibiotics. There is an apparent paradox that the 
AuncB-C strain described above and strains carrying the 
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uncA40l and uncB402 alleles are hypersensitive to antibiot- 
ics, while the mutants carrying the uncG270 mutation and 
strains DL54, NR70, and N w are resistant to antibiotics. 
These results can be plausibly explained by referring to the 
properties of the ATP synthase, the antibiotic uptake sys- 
tem, and the electron transport system, if antibiotic uptake is 
primarily dependent on Av|/. Our observation that the level of 
antibiotic resistance in E. coli increases as the pH of the 
medium is lowered suggests that E. coli behaves similarly to 
S. aureus. This is most consistent with a role for A*|i since the 
other component of Au, H +, ApH, increases as the uptake 
decreases. In a wild-type strain, the threshold level of Ai|i 
required for antibiotic uptake may be only slightly below the 
steady-state level of A^ that is present during normal 
growth. After Ap, H + rises above a minimum level, proton 
translocation through the ATP synthase begins, driving ATP 
synthesis and tending to prevent further increases in Au, H * 
(and A4f). In a mutant strain lacking any portion of the ATP 
synthase, such as the Ai/ncfl-C strains that we studied, or 
those strains which contain an inactive F x attached to F 0 , 
such as the uncA401 mutant, Au, H + might rise to a higher 
level than that seen with a wild-type strain, because the 
normal path of protons back through the ATP synthase is 
absent or blocked. This increase in membrane potential 
would then be responsible for the increased rate of antibiotic 
uptake, resulting in hypersensitivity to the antibiotic com- 
pared with that in the wild-type strain. 

Antibiotic-resistant strain AT753-26-28 might have the F 0 
portion of the ATP synthase complex assembled into a 
functional proton pore, which has an abnormally assembled 
partial F x portion loosely associated with it. The F x subunits 
may be required to produce a leaky membrane in vivo. The 
increased leakage of protons would cause a reduction of Av|i 
to a level below the threshold value required for substantial 
antibiotic uptake, and the cells would be relatively resistant 
to the antibiotic. In £. coli some evidence has been pre- 
sented favoring a specific role for respiratory quinones in the 
uptake of aminoglycosides (6). If this is the case, our model 
might not be applicable. 

Reconstitution of F 0 from purified F 0 subunits revealed 
that all three subunits (a, c, and b) are necessary and 
sufficient to form a proton channel (40). In strains with a 
deletion of unc genes in which the a, £>, and c subunits are 
produced from a plasmid, the subunits are observed to 
assemble into proton permeable F 0 which are capable of 
binding F x functionally (2, 16). These experiments demon- 
strate that F 0 subunits can assemble in the absence of Fj 
subunits, but they do not prove that this is the normal 
assembly pathway. Strains with polar amber point mutations 
in the uncA and uncD genes have been observed to have 
nonfunctional F 0 (8). Derivatives of plasmid pRPG54 in 
which the gene for the a subunit was fused in frame to the y 
subunit were found to have a deleterious effect on the growth 
of cells into which they were introduced (5). This deleterious 
effect was concluded to be due to proton permeability of the 
membranes because it was specifically reversed by DCCD. 
Plasmid pRPG54 (a, c, b t 8, a, 7, 0, e) was found to have an 
alteration in the ribosome-binding site preceding the uncE 
gene (42). This was reported to cause subtle changes in the 
proton permeability of F 0 . Paradoxically, replacement of the 
altered ribosome-binding site with the wild-type one present 
on the chromosome resulted in a plasmid which failed to 
complement an unc deletion strain for growth on nonfer- 
mentable carbon sources (42). In our study, plasmids carry- 
ing various combinations of unc genes were used to examine 
the requirements for producing the antibiotic-resistant phe- 



notype. The gentamicin-resistant phenotype was only con- 
ferred by plasmid pRAH4, which contained the uncG270 
mutation together with the other genes for the subunits of F x 
and F 0 . The presence of F 0 genes alone on a plasmid was 
insufficient to cause antibiotic resistance. This indicates that 
if gentamicin resistance is solely due to an open proton leak 
through F 0 subunits, the structure of the proton channel in 
strains with only F 0 subunits differs from the structure of the 
proton channel when the mutant y'-uncG270 is present 
together with normal subunits coded by the other F 0 and F x 
genes. In our study we examined the phenomenon of anti- 
biotic resistance of strains which carried the uncG270 muta- 
tion on the chromosome and on a plasmid. Although the 
level of antibiotic resistance was higher with the chromo- 
somal mutation, the antibiotic-resistant phenotype was ob- 
served with the plasmid-borne allele as well. 

When the amino acid sequences of the 7 subunits of 
bovine mitochondria, blue-green algae, and photosynthetic 
nonsulfur bacteria are compared with that of £. coli (9), the 
carboxyl terminus is the most highly conserved element. The 
uncG270 mutation results in the loss of much of this highly 
conserved portion of the 7 subunit. 

Reconstitution experiments with isolated F x and F 0 sub- 
units from a thermophilic pseudomonad led to the initial 
proposal that a function of the 7 subunit is to act as a gate at 
the proton channel (45). Ehrig et al. (15) found that a portion 
of residues 205 to 287 of the carboxyl terminus of the y 
subunit is accessible to a monoclonal antibody raised against 
native F lt Binding of the antibody to y disrupted F t . It was 
proposed that the carboxyl terminus of the y subunit is 
normally exposed to the cytoplasmic surface of the protein 
rather than being buried in F x during folding of the protein. 
Disruption of F x by anti-7 monoclonal antibodies has also 
been reported by Dunn et al. (14). In studies of other 
chain-terminating mutations within the uncG gene, the trun- 
cated y subunits produced were found to be 13, 156, 225, 
260, and 268 amino acids in length (20, 31). Assembly of Fx 
subunits with catalytic activity (20, 31) was defective in all of 
these mutants, although the mutant with a 7 subunit of 268 
amino acids had a and p subunits associated with the 
membranes. None of these uncG mutant strains grew on LB 
plates containing 50 u,g of neomycin per ml (J. Miki and M. 
Futai, personal communication). The uncG270 mutation 
leads to the production of a y subunit of 247 amino acids. 
Immunoblotting experiments indicated that some of the 
truncated y f -uncG270 remains bound to mutant membranes, 
as do some a and p subunits. While the p subunit alone has 
the capacity to associate with membranes in the absence of 
F 0 subunits (3), the presence of a, 7, and p subunits on 
membranes may indicate a partially assembled F v This 
association of F x that we observed in isolated membranes of 
a strain with the uncG270 mutation may reflect the state in 
vivo. Shorter fragments of the 7 subunit, such as the 
18, 500-molecular- weight fragment produced by pDJK22, 
may be insufficient to allow binding to form even a partial F x . 
Our experiment in which the deletion of the genes coding for 
the p and e subunits abolished antibiotic resistance suggests 
that the presence of the y*-uncG270 and the F 0 subunits are 
not sufficient to open the proton channel. The y'-uncG270 
subunit coded by pRAH4 may be sufficient to allow the 
association of the a and P subunits to form a partial F x 
subunit which binds to F 0 in such a way that gating is 
abnormal. This abnormal gating would allow proton leakage 
and antibiotic resistance. The portion of 7 between the 
terminus of this subunit in pDJK22 (a, c, b, 6, a, 7', p, e) and 
pRAH4 (a, c, b, 8, a, y'-uncG270 f p, e) may be required for 
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stabilization of the open F 0 subunit or, alternatively, for 
interaction with the a subunit, the 0 subunit, or both. 
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Eight different mutations in Haemophilus influenzae leading to deficiency in 
adenosine 5'-triphosphate (ATP)-dependent nuclease have been investigated in 
strains in which the mutations of the originally mutagenized strains have been 
• transferred into the wild type. Sensitivity to mitomycin C and deoxycholate and 
complementation between extracts and deoxyribonucleic acid (DNAMependent 
ATPase activity have been measured. Genetic crosses have provided informa- 
tion on the relative position of the mutations on the genome. There are three 
complementation groups, corresponding to three genetic groups. The strains 
most sensitive to mitomycin and deoxycholate, derived from mutants originally 
selected on the basis of sensitivity to mitomycin C or methyl methanesulfonate, 
are in one group. Apparently all these sensitive strains lack DNA-dependent 
ATPase activity, as does a strain intermediate in sensitivity to deoxycholate, 
which is the sole representative of another group. There are four strains that are 
relatively resistant to deoxycholate and mitomycin C, and all of these contain 
the ATPase activity. Three of these are in the same genetic and complementa- 
tion group, whereas the other incongruously belongs in the same group as the 
sensitive strains. It is postulated that there are three cistrons in H. influenzae 
that code for the three known subunits of the ATP-dependent nuclease. 



Mutants deficient in adenosine 5 '-triphos- 
phate (ATP)-dependent deoxyribonuclease 
have been isolated from the transformable bac- 
teria Streptococcus pneumoniae (20), Bacillus 
subtilis (2, 4), Escherichia coli (1, 15), and Hae- 
mophilus influenzae (9, 21). The role of this 
enzyme in recombination is not clear, because 
mutants lacking enzyme activity have not lost 
a very large fraction of their ability to reconv 
bine. The loss of transformability and bacterio- 
phage recombination of some of the H. influ- 
enzae mutants is hardly perceptible, particu- 
larly if the mutation is separated from its heav- 
ily mutagenized background (21). In E. coli t 
there is evidence for alternative pathways of 
recombination (3, 7). Thus, although the ATP-' 
dependent nuclease in H. influenzae may nor- 
mally be of importance in recombination, in the 
mutants there may be alternative mechanisms 
that can take over the lost function. It has been 
postulated that the mutants, unlike the wild 
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type, are able to insert single-strand pieces of 
transforming deoxyribonucleic acid (DNA) into 
only one of the two DNA strands (11). 

We have studied eight different mutations 
leading to enzyme deficiency in H. influenzae. 
All of the mutations have been transformed 
into the wild-type strain to eliminate additional 
mutations that could be present in the original 
mutagenized strain. The mutants were selected 
in different ways, some by sensitivity to inacti- 
vating compounds (9, 17) and some on the basis 
of enzyme deficiency (21). Our results indicate 
that indirect selection of mutants produces a 
more limited type than direct selection, by the 
criteria of complementation, genetic groups, 
and DNA-dependent ATPase activity, as well 
as sensitivity to inactivation by mitomycin C, 
deoxycholate, and streptomycin. 

MATERIALS AND METHODS 

Microorganisms. Table 1 gives a list of H. influ- 
enzae strains used. Mutations were transformed into 
strain Rd by exposing competent cells to lyeates of 
the mutants. The selective agent used earlier after 
such transformations was mitomycin C (3 x 10~' MfcV 
ml in agar plates) for JK30, JK67, and JK43 (17). 
However, since some of the mutants showed only a 
small degree of mitomycin C sensitivity, we devel- 
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Table 1. H. influenzae strains 



Strain Genotype "^^S^™" Wo^Ted References 



tag.nued.tr.in- in to strain Kd 



Rd 

KW31 

KW3 

JK3 

KW5 

JK5 . 

JK30 

JK57 

JK43 

KW14 

JKU 

KW60 

JK60 



Wild type 
addA 
add-3 
add-3 
add-S 
add-5 
addS 
add-7 
adds 
add-14 
add-14 
addld 
add-18 



Eruyrae deficiency 
Enxyme deficiency 

Enzyme deficiency 

Enzyme deficiency 
MC sensitivity 
MC sensitivity 
Enzyme deficiency 

MMS sensitivity 



+ 

+ 

■ + 
+ 
+ 

+ 

+ 



21 
21 

This paper 
21 

This paper 
17 
17 
17 
21 

This paper 

9, 21 
This paper 



• MC, mitomycin C; MMS, methyl methanesulfonate. 



oped another selective method, baaed on the greater 
sensitivity to streptomycin of streptomycin-resist- 
ant Add' strains relative to Rd strains carrying the 
same streptomycin resistance marker (17). The re- 
cipient cell was a streptomycin-resistant Ad. Trans- 
formed cultures alter expression were plated on the 
surface of agar plates containing 2 mg of streptomy- 
cin per ml. The mutants appeared as small colonies, 
which could be picked up and subcultured. JK3, 
JK5, JKU, and JK60 were obtained with thie 
method. All the experiments reported in this paper 
were performed with the Add' mutations trans* 
formed into strain Rd, 

Viability measurements. The optical density (at 
675 nm) of growing cultures in brain heart infusion 
medium was read in a Bausch and Lomb Spectronic 
20, and samples were removed for plating and mi- 
croscopic counting. A Petroff-Hauser counter under 
a Bausch and Lomb phase microscope was used for 
estimation of total cells. For each determination 150 
to 500 cells were counted. 

Mitomycin C treatment Mitomycin C treatment 
was carried out as previously described (17) on sta- 
tionary cells (optical density at 675 nm, 1.0). 

Deoxycholate treatment. Exponentially growing 
cultures (optical density at 675 nno, 0.4) were ex- 
posed to 0.2% deoxycholate in brain heart infusion 
medium for various times at 37 C. Usually three 
different strains, each resistant to a. different anti- 
biotic, were treated in the same test tube, and plat- 
ing with the antibiotics separately made it possible 
to distinguish the different strains (17). 

Cell extracts. Cells grown to stationary phase in 
brain heart infusion medium were concentrated at 
4 C (0.5 gtwet weight] of cells per ml of 0.06 M 
tris(hydroxymethyl)aminomethane[Tris) - hydro- 
chloride, pH 8.2) and subjected to a French pressure 
cell at 18,000 lb/ in'. Cell debris was removed by 
centrifugation at about 10,000 x g. The undiluted 
extracts contained from 34 to 47 rag of protein per 
ml, as determined by the method of Lowry et al. (13). 

ATP-dependent nuclease assay. The enzyme was 
measured essentially according to Friedman and 
Smith (6). The reaction mixture (0.3 ml) consisted of 



0.1 M Tris-hydrochloride buffer, pH 8.2, 1.3 mM 
ATP, 10 mM MgCl s , about 0.2 fig of £. co/i DNA 
labeled with [*H]deoxythymidine (2 x 10 s counts/ 
min per pg) and usually about 50 fig of protein per 
ml from crude cell extracta. After incubation at 37 C 
(usually for 15 min), 0.1 ml of bovine serum albumin 
(1 mg/ml) and 0. 1 ml of 25% trichloroacetic acid were 
added to the mixture on ice, and after 10 min the 
mixture was centrifuged at low speed and 0.2 ml of 
the supernatant was counted in a toluene-Perma- 
b)end:Triton X-100 (10:3) scintillator. A similar re- 
action was carried out without ATP. 

ATPase assay. The reaction mixture (0.2 ml) con- 
sisted of 0.06 M Tris buffer, pH 8.2, 25 of calf 
thymus DNA per ml, 0.03 nmol (about 2 jtCi) of y- 
l"P]ATP (triethyl ammonium salt) purchased from 
New England Nuclear Corp., and extract (usually 
about 40 fig of protein per ml). After incubation at 
37 C (usually for 10 min), 0.2 ml of 1 N HCI was 
added, and 0.1 ml of a Norit A slurry (1 g/100 ml of 1 
N HCI). The mixture was centrifuged, and 0.3 ml of 
the supernatant was counted in 3 ml of water in a 
scintillation counter. A similar reaction was carried 
out with the DNA omitted, 

Complementation. Pairs of undiluted cell ex- 
tracts were mixed, NaC) was added to 0.1 M NaCl, 
and the mixtures were incubated at room tempera- 
ture for approximately 18 h. Each mixture was di- 
luted a factor of 750 in the assay for ATP-dependent 
nuclease. 

Genetic analysis. In an attempt to find linkage 
between various Add* mutations and drug resist- 
ance markers, add- 1, add-7 and add-14 were trans- 
formed to streptovaricin, streptomycin, erythromy- 
cin, nalidixic acid, and viomycin resistance. Trans- 
formed colonies were grown individually in 6 ml of 
growth medium containing the appropriate anti- 
biotic to near stationary phase, and the cultures 
were washed in 0.05 M Tris buffer, pH 8.3, and 
resuspended in 1 ml of the same buffer. Triton X-100 
was then added (0.1 ml of a 1% solution in water). 
After 2 min at 37 C the suspension was chilled and 
used immediately for measurement of ATP-depend- 
ent nuclease. The assay conditions were essentially 
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the same as described above, except that the reac- 
tion mix was 0.4 ml and contained 0.1 ml of the 
treated cell suspension. Incubation wai for 30 min at 
37 C, and the carrier protein was omitted. For the 
first screening no reactions were carried out without 
ATP. All suspected Add* tranaformanta were re- 
grown and assayed both with and without ATP. 

Various Add" mutants were crossed with each 
other and screened for Add* recombinants. Strepto- 
mycin-sensitive Add" mutants were made compe- 
tent in MIV medium (18), exposed to lysatea of strep- 
tomycin-resistant variants of all the Add* mutants 
and the wild type, allowed to express in growth 
medium, and then selected for streptomycin resist- 
ance in liquid growth medium containing 250 fig of 
streptomycin per ml. as described previously (16). 
Add* transformante were detected as large colonies 
on agar plates containing 6 mg of streptomycin per 
ml. The number of total cells was measured by 
plating suitably diluted samples in agar without 
streptomycin. Colonies were counted after 2 days of 
incubation. 

RESULTS 

Viability of Add' mutant*. Table 2 shows 
the results of measurements of total cells by 
microscopic count and viable cells obtained by 
plating the cultures. The wild type (Btrain Rd) 
is approximately 100% viable, as judged by the 
ratio of viable cells to total cells. However, the 
Add* mutants show decreased viability. A sim- 
ilar decreased viability was earlier found for 
the add-1 strain and some other (unspecified) 
Add' mutants, the latter being the original 
mutagenized strains (21). 

Mitomycin C sensitivity of Add* mutants. 
We showed previously ill) that, when station- 



ary-phase cells were treated with mitomycin C 
in liquid culture for various times, add-1 and 
add-6 were indistinguishable from wild type in 
sensitivity, whereas add-1 and add-8 were 
slightly sensitive. We have found add-1 8 to be 
similar to add-7 and add-8 in sensitivity, 
whereas add-3, add-5, and add-1 4 are like 
add-l and add-6 (data not shown). 

Deoxycholate sensitivity of Add - mutants. 
Figure 1 shows the inactivation of the Add - 
strains and the wild type as a function of time 
with 0.2% deoxycholate. Although there is con- 
siderable scatter to some of the data, it appears 
(hat the mutants fall into three groups with 
respect to sensitivity; add-1 1 add-3, add-5, and 
add-6 are only slightly more sensitive than the 
wild type, add-14 is a little more sensitive than 
these, and add-1, add-8, and add- 18 are very 
sensitive. It is clear that the differences in sen- 
sitivity to this agent are much greater than the 
differences in sensitivity to mitomycin C (17). 

Complementation between crude extracts 
of Add - mutants. All possble pairs of mutant 
extracts were incubated together and assayed 
for ATP-dependent nuclease activity, and the 
extracts were also assayed separately. The re- 
sults, seen as acid-soluble counts from degraded 
DNA obtained in the presence and absence of 
ATP. are presented in Table 3* It is readily seen 
that the mutants form three complementation 
groups. The mutant add- 14 complements with 
all other, strains and thuB is the sole member of 
a group. The mutants add-1, add-3, and add-5 
complement with other strains but not with 
each other and thus form a group. Similarly 



Table 2. Viability of exponentially growing H , 
influenzae 



Strain 
or geno- 
type 




Viable 


Total 


Viabil- 


ATg 


OD lw - 


cells/ml 
(X10-) 
(A) 


ceUs/ral 
(xl0-«) 
(B) 


ity (A/ 
B) 


Rd 


O.10 


2.4 


2.7 


0.69 


0.995 




0.40 


6.9 


6.4 


1.10 


add! 


0.19 


1.4 


3.5 


0.40 


0.46 




0.40 


4.1 


7.9 


0.62 




0.20 


0.66 


4.2 


0.16 


0.27 




0.40 


2.6 


6.8 


0.38 


add-S 


0.20 


1.3 


3.7 


0.36 


0.39 




0.40 


3.1 


6.9 


0.46 


add-6 


0.18 


1.6 


3.2 


/0.47 


0.46 




0.40 


3.6 


7.8 


0.46 


add-1 


0.18 


1.4 


1.6 


0.39 


0.47 




0.39 


4.0 


7.3 


0.56 


add-B 


0.99 


4.3 


7.6 


0.67 


0.6S 




a 42 


S.1 


S.6 


0.60 


add-14 


0.20 


1.4 


J.5 


0.40 


0.54 




0.40 


4.4 


6.6 


0.6S 


add- 18 


0.20 


1.6 


4.2 


0.43 


0.66 




0.40 


6.6 


8.2 


0.68 




O 90 tO O 
TACATUCNT (mln) 



4 OD m , Optical deniity at 676 nm. 



Fio. 1. Inactivation of wild-type and Add' mu- 
tants by deaxycholaU. 
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Table 3. Complementation of Add' mutants 
Toul edd-aohibU ATP*de» 



Extract 


caun 


ta/min 


pendent 
nucleate 










-ATP 


♦ATP 


ertirity 


_ jj « 
aaa-J 


1 IfM 

1,102 


Air 
940 




aaaS 


650 


706 




_ jj t 
aaa-o 


1,037 


1,285 




aaa-o 


267 


342 




oaa-7 


1,072 


1,060 


~ 




702 


766 




000-14 


565 


320 




.jj to 
aaa-J a 


86Q 


877 




„JJ | i -JJ o 


OCA 

SOU 


757 




.jj • , .jj r 


865 


1,022 




- jj < j _ j j « 
aaa* I + aaa-o 


665 


6,312 - 




_jj « . _ jj »» 
aaa-J + aaa-7 


1,166 


6,372 


+ 


add- 1 + add-B 


602 


2,842 


+ 


aaa-J + add-14 


940 


6,102 


+ 


— JJ 1 • -JJ a /\ 

aaa-j + add-18 


1,017 


9,087 


+ 


add-3 + aa<kV5 


1,062 
982 


1,365 


— 


_ J J n , jj a 

aaa-j + aaaVo 


4,946 


+ 


ad(W + c<W-7 


837 


3,222 


+ 


aaVM + aaVM 


1,070 


5,232 


+ 


aaa%3 + add-14 


760 


2,477 




add-3 + add- 18 


1,007 


6,275 


+ 


add-6 + 


847 


6,465 


+ 


aaU-6 + add- 7 


720 


4 V 892 


+ 


aa<i-$ + aaVM 


812 


6,490 
7,845 


+ 


cdaV5 + oa<f-J4 


1,012 


+ 


aaVM + add*-!* 


912 


5,782 


♦ 


add-fl + 044-7 


796 


675 




+ add-fi 


732 


917 




ad d-6 + odd-14 


852 


7,727 


+ 


add-6 + aaVt-iS 


1,022 


922 




add-7 + add-* 


670 


637 




odd-7 + add-M 


902 


2,497 


+ 


odd-7 + aa\f-i« 


922 


830 




add-* + add-M 


842 


6,225 


+ 


add-* + add./* 


1,012 


1,070 




odd-J4 + add-i* 


797 


7,262 


+ 



add-6 t add- 7, add-8, and add- 18 are a group. 

After the complementation experiments with 
all the mutant extracts were completed, it was 
found that the reaction goes faster in 0.065 M 
NaCl than at the higher concentration. 

ATPase in Add' mutants. Figure 2 shows 
the hydrolysis of ATP by a wild-type extract in 
the presence, and absence of DNA. The differ- 
ence is taken to represent the associated ATP- 
ase activity of the ATP-dependent nuclease. 
Table 4 shows the results of the assays for this 
activity in the Add* mutants. The first five 
strains in the table appear to contain ATPase 
activity, whereas the last four contain little or 
none. The fact that there are differences be- 
tween the strains gives us confidence that we 
are indeed measuring the ATPase associated 
with the nuclease, which is defective in all the 
Add' strains. Three of the four Add" strains 



containing ATPase activity comprise a single 
complementation group. 

Genetic analysis of Add' mutants. Table 5 
shows the number of Add 4 transformante found 
among approximately 60 antibiotic-resistant 
transformants selected for each marker and 
each recipient cell representing each of the 
three complementation groups. The distance 
between the streptovaricin and nalidixic acid 
resistance markers on the genetic map of H, 
influenzae is approximately 3 x 10* daltons, 
and the streptomycin and erythromycin resist- 
ance markers are located between the strepto- 
varicin and nalidixic acid resistance markers 
(J. W. Bendler, personal communication). The 
location of the viomycin resistance marker is 
still unknown. The results show that the add-1 , 
add-7 } and add-14 mutations are unlinked or 
only very weakly linked to the antibiotic resist- 
ance markers tested. The small number of 
Add* transformants scored among the anti- 
biotic-resistant transformants may be ascribed 




8 



10 



6 

TINEfmif* 

FlG. 2. ATPase activity in a wild-type extract (49 
pg of protein per ml). 

Tabu 4. DNAdependent ATPase activity 



Eitract 



("PJATP hydrolywd in 
10 min at 37 C (counW 
min in **P not absorbed 

by noiit) 



DNA-de* 
pendent ac- 
tivity 



-DNA 



♦ DNA 



Wild type 


9 f 627 


18,131 


♦ 


add-1 


6.669 


14,327 


+ 


add-3 


6,189 
5,676 


12,617 


+ 


addS 


8,967 


+ 


addS 


6,174 


10,661 


+ 


add-7 


5.140 


5,067 




addS 


5,743 


5,255 




add-14 


4,921 


6,149 




add-18 


4,635 


6,866 
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Tabu 6. ATP-dependent nuclease activity in 
transformants of Add' mutants to drug resistance by 
Add+DNA 

No. of No. of 

Recipient . donas aa- clones 
Drug resistance saved for with en* 
euyme tyvat ac- 
activity tivity 

add-1 Streptomycin 49 1 

Streptovaridn 60 0 

Erythromycin 60 1 

Nalidixic acid 49 1 

Viomycin 48 5 

add-7 Streptomycin 60 3 

Streptovaricin 50 1 

Erythromycin 50 1 

Nalidixic acid 50 2 

Viomycin 60 3 

add- 14 Streptomycin 50 1 

Streptovaricin 50 0 

Erythromycin 50 0 

Nalidixic acid 50 3 

Viomycin 42 2 



to integration of two separate DNA segments 
into the same recipient genome. Because the 
Add' mutants are not linked with any of the 
antibiotic resistance markers tested, we have 
not been able to locate the Add' mutations on 
the genome. 

linkage between the Add" mutations was 
examined by crossing the mutants and screen* 
ing for Add* recombinants. Streptomycin-re- 
sistant wild-type cells could "be distinguished 
from Add - cells containing the same resistance 
marker because of the larger size of colony the 
wild-type cells form on plates containing 5 mg 
of streptomycin per ml. x The assumption that 
the larger colonies consist of Add* cells was 
supported by the findings that 30 of the large 
colonies picked at random and tested for ATP- 
dependent nuclease activity were Add*, and 
that in crosses of a pair of Add' mutants carry- 
ing the same Add' mutation no large colonies 
were found (Table 6). In none of the crosses was 
the number of Add* recombinants among strep- 
tomycin-resistant transformanta affected by in- 
tegration of the streptomycin marker into the 
recipient genome, because in all the mutants 
the add locus is unlinked to the streptomycin 
marker, or the linkage is negligibly small (Ta- 
ble 5). From the linkage data shown in Table 6 
it can be concluded that (i) the mutations of 
add-1, add-3, and add-5 (group A) are rather 
closely linked, and so are the mutations of add- 
6, add-7, add-8, and add-18 (group C); (ii) the 
mutations of group A are either unlinked or 
very weakly linked to those of group C; (iii) 
add-14 (group B) is linked both to the muta- 
tions of group A and to those of group C, so that 



add-14 seems to be located between groups A 
and C. The result that the Add" mutants can be 
classified as three separate linkage groups on 
the genome is in agreement with the finding 
that the mutants of groups A, B, and C belong 
to three different complementation groups (Ta- 
ble 3). The linkage data obtained are in general 
too poor and too variable to establish a precise 
genetic map of the Add" mutations. 

DISCUSSION 

We have seen that the Add' mutants differ 
among one another in a number of properties, 
so that they can be classified into groups. How- 
ever, the relative inviability of the strains 
seems to be a property of Add" mutants in 
general. Table 7 gives a summary of some of the 
properties of the mutants, grouped according to 
their sensitivity to deoxycholate, and also the 
groupings derived from the complementation 
tests and genetic crosses. There is considerable 
correspondence between these groupings. How- 
ever, add-6, which belongs in complementation 



Table 6. Crvssea between Add' mutants 



Pain of •train* 
in croes 


Relative distance 
between 


Avg rela- 
tive dis- 


Relative 
linkage 

(*)(1- 
A) 


mutation* 


tance (A) 


add- 1, add-1 


0 


0 


100 


add-1, add-3 


54,45 


50 


50 


add-1, add-5 


10, 16 


13 


87 


add- 1 add-6 


70, 100, 100 


93 


7 


add- 1, add-7 


100, 100 


100 


0 


add-1, add-8 


100, 96, 100 


99 


I 


add-1, add-14 


43, 46 


45 


55 


add-1, add- 18 


95, 100 


97 


3 


add-3, add-3 


0 


0 


100 


addS t add-6 


100, 100 


100 


0 


addS, add-7 


100 


100 


0 


addS, addS 


100, 100, 100 
62 


100 


0 


addS, add-14 


62 


38 . 


addS, add-1 8 


100 


100 


0 


add-5, add-6 


100 


100 


0 


add-5, addS 


Bl, 100 


90 


10 


add-6, add-6 


0 


0 


100 


add-6 add-7 


5 


5 


95 


addS, addS 


20,0 


10 


90 


add-6, add- 18 


37 


37 


63 


add-7, addS 


4 


4 


96 


addS, addS 


0 


0 


100 


addS, add-14 


68, 66, 100, 74 


74 


26 


addS, add- 18 


0.3, 0.5 


0.4 


99.6 



" The relative distance between Add* mutations 
ia expressed aa the ratio of the number of large 
colonies on 5-mg/ml streptomycin plates to the total 
number of cells (xlOO) relative to this ratio deter- 
mined in a cross of an Add' recipient with wild-type 
donor DNA. The numbers represent the data of var- 
ious experiments. 



add-1 Streptomycin 49 

Streptovaricin 60 

Erythromycin 60 

Nalidixic acid 49 

Viomycin 46 

add-7 Streptomycin 60 

Streptovaricin 50 

Erythromycin 50 

Nalidixic acid 50 

Viomycin 60 

add-14 Streptomycin 50 

Streptovaricin 50 

Erythromycin 50 

Nalidixic acid 50 

Viomycin 42 
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Tabu 7. Summary of properties of Add' mutants 

Mutants 

. add- 1, odd>3 t .... odd-7, add-8, 

g^o^ "t* 14 odd-IB 

DeoxychoUte + ++ + + + + 

sensitivity 
Mitomycin C een- 

tiUTity 

In liquid (0.6 - - + 

MftVml) 

In ngar (0.03 + + +«* 

Mg/ml) 

Sensitivity of + + ♦+ 

streptomy- 
ciD-reeifUnt 
variants to 6 
ug of strepto- 
mycin per ml 

DNA-dependent + - 

ATPase ac- 
tivity of ex- 
tracts 

Complementation A (- addS) B C (+ addrG) 
groups and 
genetic 

grottpe 

and genetic group C, behaves with respect to 
other properties like a member of group A. It is 
notable that the strains carrying mutations 
that were originally selected on the basis of 
sensitivity to mitomycin C (add* 7 and add-8) or 
methyl methanesulfonate (add- 18) are in one 
group, and they are also more sensitive to mito- 
mycin C, streptomycin, and deoxycholate than 
the other Add* mutants. We have previously 
postulated that the sensitivity of the Add* mu- 
tants to mitomycin C and streptomycin results 
from their permeability to these compounds 
(17). It is therefore intriguing that the DNA* 
dependent ATPase activity appears to be miss* 
ing in the more sensitive mutants, which we 
might suppose have greater permeability to de- 
oxycholate than the other mutants. 

The average length of integrated DNA seg- 
ments in H. influenzae is approximately 6 x 10 s 
daltons (14), corresponding to about 17,000 nu- 
cleotides. Therefore, the distance between the 
mutations of group A and group C, which are 
unlinked or only very weakly linked to each 
other, may be estimated to be equivalent to of 
the order of 10 4 nucleotides. Hie molecular 
weight of the ATP-dependent nuclease is ap- 
proximately 290,000 (K. W. Wilcox, M. Or- 
losky, E. A. Friedman, andH. O. Smith, Abstr. 
69th Annu. Meet. Am. Soc Biol. Chem., 1976), 
corresponding to approximately 7,000 nucleo- 
tides. If these 7,000 nucleotides are in one un- 
broken stretch of DNA, then the relative dis- 
tances between the mutations measured with 
the present method is an overestimation of the 
real distance. Nevertheless, the finding that 



there is relatively small linkage between the 
various groups (A, B, and C) suggests that the 
mutations of the three linkage groups are lo- 
cated in three different ciatrons, possibly sepa- 
rated by base sequences that do not code for the 
enzyme. 

The fact that there are three complementa- 
tion groups corresponding to three genetic 
groups, which we consider to be three different 
cistrpns, has caused us to speculate that there 
are three dstrons that code for different sub- 
units of the enzyme. Indeed, the enzyme, puri- 
fied to homogeneity, has been shown to have 
three subunits (Wilcox et ai., Abstr. 69th Annu. 
Meet. Am. Soc. Biol. Chem., 1976). Since ATP- 
ase deficiency is caused by mutations in two 
different complementation groups (B and C), it 
is likely that at least the gene products of either 
B and C are required for ATPase activity. The 
finding that add-$, belonging to group C, also 
shows ATPase activity suggests that in this 
mutant the gene product of cistron C is not 
changed in such a way as to prevent formation 
of the configuration of enzyme required for 
ATPase activity. 

There are a number of similarities between 
the ATP-dependent nuclease of H. influenzae 
and that of E. colL The molecular weights are 
reported to be 290,000 (Wilcox et al. , Abstr. 69th 
Annu. Meet. Am. Soc. Biol. Chem., 1975) and 
270,000 (8), respectively. Only two subunits 
have been found for the E. coli enzyme (12), and 
there are mutations at only two loci (3). How- 
ever, the p subunit purified from wild-type cells 
complements extracts of both recB and recC 
mutants, whereas the a subunit tails to comple- 
ment either extract (12). By analogy with the 
H. influenzae results, one interpretation of the 
E. coli data is that the fi subunit includes two 
subunits, each coded for by a different cistron, 
and that there is a third cistron corresponding 
to the a subunit. The E. coli mutants have 
usually been selected on the basis of sensitivity 
to radiation (5, 10, 19). Thus it is not improba- 
ble that a class of mutants of £. coli correspond- 
ing to group A in H. influenzae would be iso- 
lated if enzyme deficiency rather than sensitiv- 
ity to various agents were the criterion. It is 
noteworthy that, by direct selection for ATP- 
dependent nuclease deficiency in H, influenzae, 
mutants in three complementation groups have 
been found. 

Our results showing the coincidence of three 
complementation and genetic groups in Add* 
mutants are by no means evidence that there 
are three cistrons coding for three different sub- 
units of the enzyme in H. influenzae. We are at 
present attempting to provide such evidence. 
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Biochem J. 1992 Aug 1;285 (Pt 3):881-8. Related Articles, Links 

Nucleotide sequence, organization and characterization of the atp genes and the 
encoded subunits of Mycoplasma gallisepticum ATPase. 

Rasmussen OF, Shirvan MH, Margalit H, Christiansen C, Rottem S. 

Department of Molecular Food Technology, Biotechnological Institute, Lyngby, Denmark. 

The nucleotide sequence of a 7.8 kbp DNA fragment from the genome of Mycoplasma 
gallisepticum has been determined. The fragment contains a cluster of nine tightly linked genes 
coding for the subunits of the M. gallisepticum ATPase. The gene order is I (I-subunit), B (a- 
subunit), E (c-subunit), F (b-subunit), H (delta-subunit), A (alpha-subunit), G (gamma-subunit), D 
(beta-subunit) and C (epsilon-subunit). Two open reading frames were identified in the flanking 
regions; one (ORFU), preceding the I gene, encodes at least 110 amino acids and the other 
(ORFS), following the C gene, encodes at least 90 amino acids. The deduced amino acid 
sequences of the various subunits are presented and discussed with regard to the structure, 
function and differing sensitivity of the M. gallisepticum enzyme to dicyclohexylcarbodiimide 
and aurovertin. The alpha- and beta- subunits of the Fl portion are well conserved (51% and 65% 
identity with those of Escherichia coli), whereas the gamma-, delta- and epsilon-subunits, as well 
as the FO-subunits, show a low percentage identity. Nonetheless, the secondary structure of the 
FO-subunits show a high degree of similarity to the corresponding subunits of E. coli. Two very 
strong potential amphipathic alpha-helices are predicted in the delta-subunit and the N-terminus of 
the b-subunit contains two hydrophobic helical stretches. The possible roles of these structural 
properties in the close association of the Fl and F0 multisubunit complexes among mycoplasmas 
are discussed. 

PMID : 1 3 8673 5 [PubMed - indexed for MEDLINE] 
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Extremophiles. 1998 Aug;2(3):2 17-22. Related Articles, Links 

pH homeostasis and ATP synthesis: studies of two processes that necessitate 
inward proton translocation in extremely alkaliphilic Bacillus species. 

Krulwich TA, Ito M, Hicks DB, Gilmour R, Guffanti AA. 

Department of Biochemistry, Mount Sinai School of Medicine, New York, NY 10029, USA. 
kxulwich@msvax.mssm.edu 

Alkaliphilic Bacillus species that are isolated from nonmarine, moderate salt, and moderate 
temperature environments offer the opportunity to explore strategies that have developed for 
solving the energetic challenges of aerobic growth at pH values between 10 and 11. Such bacteria 
share many structural, metabolic, genomic, and regulatory features with nonextremophilic species 
such as Bacillus subtilis. Comparative studies can therefore illuminate the specific features of 
gene organization and special features of gene products that are homologs of those found in non- 
extremophiles, and potentially identify novel gene products of importance in alkaliphily . We have 
focused our studies on the facultative alkaliphile Bacillus firmus OF4, which is routinely grown 
on malate-containing medium at either pH 7.5 or 10.5. Current work is directed toward 
clarification of the characteristics and energetics of membrane-associated proteins that must 
catalyze inward proton movements. One group of such proteins are the Na+/H+ antiporters that 
enable cells to adapt to a sudden upward shift in pH and to maintain a cytoplasmic pH that is 2-2.3 
units below the external pH in the most alkaline range of pH for growth. Another is the proton- 
translocating ATP synthase that catalyzes robust production of ATP under conditions in which the 
external proton concentration and the bulk chemiosmotic driving force are low. Three gene loci 
that are candidates for Na+/H+ antiporter encoding genes with roles in Na(+)-dependent pH 
homeostasis have been identified. All of them have homologs in B. subtilis, in which pH 
homeostasis can be carried out with either K+ or Na+. The physiological importance of one of the 
B. firmus OF4 loci, nhaC, has been studied by targeted gene disruption, and the same approach is 
being extended to the others. The atp genes that encode the alkaliphile's F1F0-ATP synthase are 
found to have interesting motifs in areas of putative importance for proton translocation. As an 
initial step in studies that will probe the importance and possible roles of these motifs, the entire 
atp operon from B. firmus OF4 has been cloned and functionally expressed in an Escherichia coli 
mutant that has a full deletion of its atp genes. The transformant does not exhibit growth on 
succinate, but shows reproducible, modest increases in the aerobic growth yields on glucose as 
well as membrane ATPase activity that exhibits characteristics of the alkaliphile enzyme. 
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□ 1: Biochem J. 1988 Aug 15;254(1): 109-22. Related Articles, Links 

DNA sequence of a gene cluster coding for subunits of the F0 membrane sector of 
ATP synthase in Rhodospirillum rubrum. Support for modular evolution of the 
Fl and F0 sectors. 

Falk G, Walker JE. 

Department of Biochemistry, Arrhenius Laboratory, University of Stockholm, Sweden. 

A region was cloned from the genome of the purple non-sulphur photobacterium Rhodospirillum 
rubrum that contains genes coding for the membrane protein subunits of the F0 sector of ATP 
synthase. The clone was identified by hybridization with a synthetic oligonucleotide designed on 
the basis of the known protein sequence of the dicyclohexylcarbodi-imide-reactive proteolipid, or 
subunit c. The complete nucleotide sequence of 4240 bp of this region was determined. It is 
separate from an operon described previously that encodes the five subunits of the extrinsic 
membrane sector of the enzyme, F 1 -ATPase. It contains a cluster of structural genes encoding 
homologues of all three membrane subunits a, b and c of the Escherichia coli ATP synthase. The 
order of the genes in Rsp. rubrum is a-c-b'-b where b and b* are homologues. A similar gene 
arrangement for F0 subunits has been found in two cyanobacteria, Synechococcus 6301 and 
Synechococcus 6716. This suggests that the ATP synthase complexes of all these photosynthetic 
bacteria contain nine different polypeptides rather than eight found in the E. coli enzyme; the 
chloroplast ATP synthase complex is probably similar to the photosynthetic bacterial enzymes in 
this respect. The Rsp. rubrum b subunit is modified after translation. As shown by N-terminal 
sequencing of the protein, the first seven amino acid residues are removed before or during 
assembly of the ATP synthase complex. The subunit-a gene is preceded by a gene coding for a 
small hydrophobic protein, as has been observed previously in the atp operons in E. coli, 
bacterium PS3 and cyanobacteria. A number of features suggest that the Rsp. rubrum cluster of F0 
genes is an operon. On its 5' side are found sequences resembling the -10 (Pribnow) and -35 boxes 
of E. coli promoters, and the gene cluster is followed by a sequence potentially able to form a 
stable stem-loop structure, suggesting that it acts as a rho-independent transcription terminator. 
These features and the small intergenic non-coding sequences suggest that the genes are 
cotranscribed, and so the name atp2 is proposed for this second operon coding for ATP synthase 
subunits in Rsp. rubrum. The finding that genes for the F0 and Fl sectors of the enzyme are in 
separate clusters supports the view that these represent evolutionary modules. 
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